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PCLYMER SCIENTISTS RESPOND TO THE ENERGY PROBLEM

James D. D'Ianni

President, Americun Chemical Society
1155 Sixteenth Street, %.W.
Washington, D. C. 20036

ABSTRACT

The polymer industries have been facud with
higher energy and materials costs since the adbrupt
increase in the world petroleum price in 1973, It
4as suddenly realized that the supply of petroleum
ves not unlimited, and serious efforts must be given
to reducing the cost of energy and to the timely
development of alternate energy sources. We will
focus on the transportaticn wmarket, vhich coneumes
25 per cent of the total en«rgy in the U.5.A., and
reviev the impact of energy problems on rubber and
other polymers used in the transportation field.

We vill summarize progress in natuvral and
synthetic rubbers as vell as plattica, and the
effects of the energy outlook on heir development,
production, and use. Changes in t{res and other
polyzer products, and the impact of 1w standards
of performance on the automobile, will be examined.
Finally, we wil] attempt to aisess future prodlems
of the rubter and related polymer industries snd hov
thiey can best sdapt to the limitations imposed Ly
higher enerjgy costs.

BACKGROUND

Energy and materials costs 1n the polymer and
automotive industries rose rapidl - in 1973 with the
abrupt increase in the vorld petroleum price., There
vas the sudden realization that the supply of
petroleum vas not unlimited, and that seriour
consideration must be given to the sost of energy and
to the tisely developrant of dlternate energy acurces.
Our attention in this paper lo focused main'y on the
transporiation market, aince this {2 of primsvy
ispcrtance ¢ the rubler {ndustry, with vhich I an
sost familiar. HNowever, transportation consumes only
235 of the tota. energy in the U.S.A,, with 423
consumed by tndustry ard 338 by reuidential/commercial
custemers. 1In apite of future shortages locming on
the horizon, the U.8. petroleum Industry supplied ci)
producta in 1979 s the rate of 18.9 million darrels/
day, nearly half of wihich vas imported. The Petrolewun
Industry Research Foundution has forecazt a decline in
oll demand to 17.8 million darreln a day in 1990.

Ve vill examine natural and svathetie rubders and
other polywers, ard the effects of the energy cutlook
on their production and ure. Ve will look at changes
in tires and other polymer pruducts, and shaages in
autenobiles to conform te nev standards of
performame. Finally, ve will teke o look at the
over=ull energy picture in an attempt to anticipate
future prodleme of Lhe polymer industry, and the
responsos of polymer sclentista and engineers t-
thuse challenges.

RATURAL, MIBBER
The energy outivok is gererally tavoredle to

P

nutural rubber since its production occurs by photo-
synthesis, a non-polluting source of solar energy.
Although availability of land for natural rubber
production {s adequate today, expanded production may
be limited by tne need to increase production of food
crops.

Since natural rubber is rather lahor intensive,
its costs will rise because of the expected demand by
vcrkers for an incressing standard of living. Costs
for fertilizers and other required chemicals, land,
and transportation will also increase.

Offsetting at least a portion of these higher
costs will be the continuing increase in productivity
on rubber plantations. This has cox> about through
improvements in breeding, selection, grafting, tapping
and yield stimulation, and by replanting. The average
annual yield from Malaysian rubber plantations, for
ersrple, increased from about 500 pounds per acre in
1950 to 1,350 pourds in 1975. An zverage yield of
2,000 pounds i{s obtainable, grovers delieve, and
experimental plantings have yielded up to 6,000
pounds. A ready market exists fcr all the natural
rubber that can be produced todsy and in the near
future. Geodyear has announced e sion plans
costing $6 millici, in Sumatra and $10 million in
Brazil, the latter due to successful efforts to
control the South American leaf dlight dise~se. The
results have been successful enough to encourage the
Biazilian government to plan a program for greatly
increused production. Other companies have also
announced plans to increase the production of natural
rubdber.

Guayule, another source of natursl cis-l.b
polyisoprene, has once again come into the picture as
a possidle source of natural rubber to augment the
production from the Hevea drasiliensis tree., In
§altillo, Mexico, the Mexican government operates a
pllot processing plant based on the harvesting cf wild
guayule shrubs. Goodyewmr has an experimental pianting
at Litchfield Park, Arizona, and has duilr winter
radial tires of guayule vhich passed Department of
Transportation's high speed and endurance tests. The
U.b. Government has approved the National latex Act
vhich is to provide $30 millicn for the study end
development of guayule in the southvestern part of
the country in the perfod 19801983, but fwids have
not yet been appropriated.

Forecusta ror rubber production and consumption
indicate a groving market for both natursl end
synthetic rutbers. Natural rubdber is a renevadble
resoyrce and has out-tanding phyeic~sl properties,
surh a8 high green strongth and buildiug tack, high
resilience and Jov heat buildup. larger amounts of
natirsl rubber 3»°1]1 ba needed {n the future. Novever,
the rapid Jd 'velojment of asnthetic rubber types
eontinues to expand the market for epecial elastomers
and results {y theiy taking over a largey percentage
of the market.

In the U.S.A., the nuturs]l rubber share of totsl
rubber consumption har incressed fres 21,68 in 19T}
to 23.9% in 1978, with radia! tires sccounting for
such of the increase. A redial auto tire can require
tvice as much natural rubber as a conventional tire,
and some redial truck tires use three times bore
naturel rutber.

Eatural ruddber experts bdelieve that natural
ruddber could regain a 20f ghare of vorid sarkets by
1983, but symthetic rubdber proponenta suggeat that
the matursl rubber vorld share could drop below 308,
However, actual rales of patural rubber are expected
to expand at the rate of Af/year through 1985 as the
demand for al! rudders continues to increase.
Spraking ot the German DKG Jubdilkumstegung Kautschuk,
Dr. Leonapd Xullins said that the natural rubdber
industry “wili remain for the foreseeadble future the
cheapest source of rudbder ¢.asticity”.
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SYNTHETIC RUBBER

The aynthetic rubber lndustry, as weil as the
polymer indusiry generally, has felt the impact of
higher mononer <osts for petroleus-derived butadiene,
styrene, acrylunitrile, ethylene, propylene,
isobutylene, isoprene and other monumers during the
past seven years. Further increases can be expected
in the next five years, aithough at a slower rate.
Steam crackers will supply larger amounts of the major
|0nomers.

Supplies of monomers for synthetic rubber appear
to be adequate until at least 1985, although costs
vill continue to rise becavse of increased feed
costs, manpover and en2rgy costs, and capital costs
for nev facilities, as well as adled expenses for
health and environmental reesons. D. H. Prancis of
Goodyear reported rapidly escalating costs for energy
ln the production of SBR and solutioa polybuiadiene,
and still higher costs in tha future in spite of
measures to reduce energy requirements. Por example,
the energy cests in 1870 to produce a pound of
emulsion SBR wvas 0.1T74, vhich rose to 1.1i¢ in i977
and vi.l rise to at least 3.01¢ by 1990.

The impact of increased energy costs has also
stimulated vork on nev forms of synthetic rubber which
require less energy to process into the finsl rubdber
product. They include cardon black masterbatches and
nev forme such as cruad, eusily broken dales, powder
and liquid forms.

Thermoplastic elastomers can te injection molded
or othervite treated as thermoplasiics. Liquid types
such as the urethanes hi.ve developed nev markets
through the use of the RIN (resction injection
wolding) processing techniques.

Synthetic polylzoprene will continue to play an
important role even though it cumpetes directly vith
natural rubber. The laprovement iu greei strength of
- SBR and polyisoprene vill make them more competitive
with natural rubter in tires.

COMPOUNDING AND PRUCESSING OF RUBBERS

The rubber chemist continues t. sesrch for scorch
retarders and safer accelvrators so thut rudbdber stocks
can b vulcanized more quickly at higher temperatures.
Continuing sdvances will de made {n mire efficient
vuicanization systams to reduce energy ccsts.

Nev, less energy-intensive processing techniques
for rybber stoeks are being tinmicughly eonsidered.
Maiyy rubber products ure now made by injection molding
to reduce the tine and energy costs involved ir
ocuring.

Substantially less uvnergy is required to aix
prwdered rubber compounds than bale rudder compounds.
Powdered rudbers, as compared to bale rubbers, present
waxinum surface area for {ucorporaticn of the
compounding ingredients and thus requir~ decreased
pover consumption and lesd muxing time to reach
optimm dispersion. If the carvon dlack is master-
batched with the povdered rubber; greater enerygy
savings are possible; but the additiondl energy
required to produce the mactarbeteh must de considered
in the total energy equation.

Bven larger energy savings should result from the
use of povdered ribder by ~ompletely eliminmating the
banbury or the mill ia fevor of comtisuous processing
equipnent such as weed fur processiag thermoplasties.
Processing trisls have demonetrated the feasiVility of
processiag povdered rubdber compounds to produce an
extrudate suitable for subsequea. fadricatioa or
direct cure.

Another study om earrgy rosuirsacnts %y 2. R,
Rogers and V. O. Sasssmaa of Goodyear shwed that LIN
urethane slad 2tock requires one-third the emergy

T mnr e b

vhich is needed to produce an equivalent quantity of
vulcanized rubber slab stu<k. %Cold" or HR molded
urethane foam can be made with only one-fifth the
energy required for an equivalent quantity of "hot"
urethane foem.

CHANGES IN THE AUTOMOBILE TIRE

The emphersis today is on smaller tires for
lighter veight vehicles, longer vearing tires, tires
with less rolling resistance to improve gasoline
mileage, and the modification or eliminntion of the
spare tire and vheel to reduce veight and save spsce.
The dovs sizing of tires is related to the reduction
in wveigat of the never cars. The increase in “ire
mileage is a continuation of the long term effirts of
the rubber industry to provide constently increasing
life as we have progressed from the bias to the
belted=bias and, finally, to the radial type
construction vhich is rapidly decoming the standard
tire today.

Radial truck tires are aiso rising rapidly in
popularity in the U.8.A. because taey “inst longer,
run cocoler and provide better fuel mileage than dias-
ply truck tires because of reduced rolling
resistance”, accrrding to a recent Goodyear announce-
ment. Radials captured sbout 18% of the market last
year; but by 1983, it is expected that more than half
the tires on nev trucks, and almost k0% of truck
tires s0ld in the replacement market, will be rsdials.

The automodbile tire market will grov mere slovly
in the future becsise of such factors as reduced speed
limits and delayed purchase of longer vearing re-
placement tires.

Gas-saving tires save energy decause their
reduced rolling resistance permits wore miles per
gallon of gasoline to be achieved. Goodyear has
developed the so-called Elliptic tire which cuts
rolling resistance up to 34§ compared to conventional
redials and puts up to 25 more miles in each tank full
of gas.

Other ruddber companies all over the world are
also vorking on nev designs Tor gas-saving tires.

The spare tire i{s a target for energy saving
because 1% and the sccompanying vheel represent
consideradle veight and sprce in the vehicle. One
solution is the use of min: tparen or crutch spares.
Another {s to provice a protective device within the
tire upon vhich the car can ride wvhen the tire {2
deflated. A more ricent development is the Goodyear
flateproof tire sich has the »bility to maintain its
loed bearing shape e-en with a ons=foot section
removed.

Other major rubber couparies havv ctlso Deen very
active in the develofment of tires vi.i run=-flat
capabilities,

Cast urethane pneumatic tires have recently
enjoyed 5 revived interest as a result of the
activities of the Polyair Company, Kitteee, Austria,
and & Joirt venture with B. F. GCoodrich and others.
Many other rudber companies have alresdy expreased
interest in cest urethane tirer including Goodvear
with vork in the late 50°s and early 60's and
Pirestone {a 1970. Material coeis for the urethane
tires are sudstantially higher than for the cone
ventional tire, but Lhese cosis may de partially
offeet by prucensiag, snergy, .apital isvestaent and
veight advantages. laitia) markets being studied
inciude caall industrial tires und agricuitural tires.

St111 another possivility for the production cf
certain types of tires with lov energy owtput is the
injection moldinmg Sf thermoplastic elestomers, such as
PI? (polydutylese terephibalate), 8BS hlack polyeers,
and TPV {*hermoplastic urcthane).
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EFFECT OF ENERGY OUTLOOK ON AUTOMOBILES

The automotive industry must lower the average
weight of its vehicles in order to attuin a fleet
average of 20 miles pe: gallon of gasoline by 1980 and
27.5 miles per gallon by 1985. If the t.-get is to te
reached, the average American car must lose about
1,200 pounds.

Substantial progress has already been made in re-
ducing the weight of the automobile bty use of high
strength alloy steel and aluminum. For example, in
the Chrysler Omni/Horizon the outer hood panel of hish
strength steel weighs 13% less than a panel of con-
ventional low-carbon steel. General Motors is working
vith a high strength ‘vwv-alloy steel as a vheel
u;erlal vhich could reduce vheel weight as much as
25%.

Alueinum i3 continuing to make deep inroads into
the automotive market. Accoriing to scme industry
predictions, the average 1980 mudel will contain up to
200 pounds of the motal, & figure which could rise to
%00 pounis by 1985.

In 1976 a study vas made by International
Research and Technology, Inc., under contract to the
Envirommertal Protection Agercy, on the veight and
materials -hat would be used to manufacture auto-
mobiles in 1980 and 1990. The 1980 composite car,
according to this study, wvill contain 4l pounds of
rubber and 188 pounds of plastic polymers, or 11.8%
of the total weight of the vehicle. The composite
1990 car will contain 128 pounds o rudbber and 231
pounds cf plastic polymers, or 1L.2% of the vehicle
veight.

In anotheyr study by DeBell and kichardson, .t vas
noted that plistics consumption {n domestic autos and
other motor vehicle applications amounted to 1.6
billion pounde in 197€, a fig're which is expected to
rise to 2.9 dillion pounds by 1980. By 1989 average
consumption of plastics could rice to 350 pounds per
car. In another ustimats the average 1978 U.8. car §s
said to employ arcund 180 pounds of plastics.

The importance of plastics te the autometive
inductry has been vell stated by Rodert M. Serrity,
General Manager of For4 Motor Company's Plastic, Paint
end Vinyl Division, and 1 quote, “The challenge
brought by the revolution in the role of plastics {s
to atep up to a dramatic materials change and to make
the shift to plasties as expeditioue and orderly as
possible. Mot since the Movie "Tne Graduate” -- when
a friend put his are sround young Dustin Koffman and
vhispered in his ear, 'Plastics, my boy' -- has either
the academic community or the automodile {ndustry had
vuch an oppertunity.” This statoment tan be expanded
toe include the polymer i{ndustry, vhich ulse has an
excepiional opportunity to expand {ts applicatien in
the qutomotive {ndustry.

Although the estisatass from 4ifferent sources
vary as to amounts and types, there {3 no question
that plastica will play a major role {n the veighte
saving var being vuged by the automotive companies.

The following muterials were highlighted at a
1978 Chemica) Marketing Rcssarch Asscocintion meeting
in Detroit: Pelypropyleme, high density pelyethylene,
nylon, polybutylene tercphthalate polyester, sheet
salding compound, polycardonate, ABS, and poly-
urethanes, especinlly for autsmotive exterior parts
uning RIN technology.

Urethane producta for automohiles {nclude seat
cushions, instrument janel covers, protective knee
pads, enap-on headliners and urethane covered steering
vheels., For car exteriors RIM urethane parts include
fascia for front and rear. If the RIN aystem s re-
inforced with glass fibers far higher modulus (MAIM),
scame poasible agplizations are fenders, door panels
and hoods. Some 1980 models of the Ford Motor Company
will be equipped with such froat feaders Lo reduce

veight, eliminate corroiion from salt exposure, and
improve i{mpact resistance.

Large amounts of FRP (glass fiber-reinforced
slastics) are used in tke automotive industry.
Graphite fiber composites are being investigatcd, but
are ti.o ~xpensive now. However, Ford Motcr Company
has demonstrated that, Oy using such composites as
structural parts for ihe chassis and body as well as
the pover train, s prototype car weighing about 2,750
pounds can be built as compared to the 4,000 pound cer
with conventional materials.

Thermoplastic elastomcrs for autcmotive appii-
cations do not require vulcani=ation to develop
properties charact vistic of cured rurbers. They can
be processed by high spe~d plastic techniques, such a3
injection molding, extrusion and blov molding. More-
over, scrap can be reground a.d reprocessed without
difficuity. The principal types used tuday are the
styrene-dutadiene dblock ccprlymers, thermoplasiie
polyolefins, thermoplastic polyurethanes, and poly-
ester copolymers.

An air spring made of rubder and aluminum will
provide efficient and versatile suspension in light-
veight vehicles. According to F. C. Meldy of lood-
year, the air spring veighs less, requires less space,
{mproves small cer ride and handling with adjusted
load capacity and contrc!lable spring rate, and adar
to safety vith constant vehicle leveling.

Goodyear has also developed a "serpentine™ urive
belt system for automodilee that cou'd reduce a car's
veight about 100 pounds and incrcase gss mileage by as
zuch as 0.5 miles per gallon. It feutures a tingle
belt instead of the usual three to drive all under-
the-ii00d accessories, and offers a possidble engine
space savings of almost an ‘nch.

Another favorable aspect of the {ncreased use of
rubdber aid plastics in cars is the fact that larger
amounts of adnesives vill de needed. For example, the
Goodyear Pliogrip system, wvhich climinated the need
for shot dlasting in stryctural bonding, is wilely
used in auto sssembly for fiderglass parta. It cures
in air with a vater tight seal and, in scme cases,
gives plastic parts of greater strength than the steel
they replace. The adhesive 15 used in fadbricating
tai) gates, car tops, sun roofs, hoods, truck fenders
and Lood assemdlies, and interior trim on mutomodbiles,

Recreational vehicles and trucks, es vell az
passenger cars, vill be under pressure to reduyce
veight and {ncrease miles per gallon of gasoline. But
the demand for heavy Jjuty tires for trucks, duses, and
other heavy oquipment should continue to {ncrease
substantially to satisfy the needs of our groving
scopomy. Production of truck tires in developing
arses of the verld will grow at even a faster rate
than {n this country 20 that rubber Aomands, es-
preinlly natural rubber, vill continue to grow at
fazter rate than for nassenger tires.

PROSPECTS FOR INDUSTRIAL RURBER PRODUCTS

Vhile toe market for tires, especially passenger
tires, vill grow st & slover rete in the future, more
substantinl growth cean be expected {n industrial
rodbder picducte.

Conveyor belts, bose, and other rubber produsts
will bo needed in greater quantitics for mining coal
and other aatural resources. Offshore ofl rigs are a
groving market for rubber {n such applicatione as hose
and belting, doch fendars, drive be™ .8, ga.kety, nee
boous , seals, and dlaphregns. Thede products use such
ruboers s SER, polyisoprene, neoprene, niirile
rubbers, IPDN, and urethanes. According te the U.8,
Deparsaent of Commerve, the use of oi) 'ield machinery
13 expected to increase st the rete of 8.5%, com-
pounded ancmally from 1976 to 1985,

D. N, Roliwe of Du Poit! estimates the greatest
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grovth areas in the next decade will he in the non-
eutomotive area. This includes rutder products for
the containment end transportation of water,
insuiation of vire and cables, exterior trim and
repair cof actomobiles, food protection, and in cone
structinn.

ALTERMATE SOURCES OF ENERCY FOR THE FUIURE

While there is no immediate danger of runa ng out
of curvent sources of energy, such as petrolecum, the
dramatic increase in price of petroleum in 1973
dramatized the fact that thie fozsll source wili
eventually diairiish and continue to incresse in cost.
Other energy sources such as coal and nuclear power
should be developed as rapidly as possidle.

In the longer run, solar enargy vill beccme the
ultimate source, and much attention has already been
given to tapping this source of energy through the
utilization of green plants, or ticmass. Melvin
Culvin of the University of California, Berkeley, has
talksd about "Green Pactories™ or the use of green
plants as a source of energy. Certain plants such as

lathyris contain substantial) quantities of

Puphor!
hydrocarbons i{n emulsion fora which could serve as a

replacemsnt for petroleum. The yield and process of
extraction must be improved if ity cost is to be
competitive vith that of petroleum.

Alzoho) odtainsd by the fermentation of sugar
from sugar ~ane is being mixed vith gasoline for use
as a motor el in Brasil. A similar program at the
University of Nehraske is studying the productiom of
“gasoiucl” vith alcohol produced from corn. Texaco hes
Just announced !¢ will start test marketing “gasobol”
in selected ur-as, 83 & bdlend of 903 lsad-free
ganoline and 108 cthunol. The federsl govermment is
encouraging o use of "gaschol" by exempting it from
the four-cents-a~gallon federal evcise tax on gaso-
line. 8till further de 2 the road is the poasidllity
of an energy wnitem t- ' " a hydrogep obtained Yy
the photclytic splitt:r  wvater into hydroges and
oxygen. If a satin” .ury catalyst for this photo-
lysis can bde davcloyad, ve would have a limitless
supply of enirgy from water.

I am op*imistic about the future as fav as energy
in the polymer industries is concerned. There may de
shurt-ters crisea, but I agrae with the findings ia
the report “Energy: The Next Tweaty Years®, sponsere’
by the Ford Foundation and prepared by Resources for
the Puture, Washiogton, D. C. It says there vill be
no future shortages or gaps in supply {f U.8. enrrgy
policy and planning are improved und 17 prices are
alloved to rise to o more appropriate level. Pricing
at the vorld level {s a better vay of retioning svail-
able supplies than any artificial comtrel aystes, i
2y opinion. IPrivete enterprise vill solve our energy
supply predlems. given the proper economic (aceatives,

A report to Presideat Cartar by the Nationmal
Trensportation Policy S7udy Comsission indicates the
sutomoblile will overcoue rising operstiag ‘osts to
remain the undisputed Ring of the road at least watil
the end of he century. There vwill de a0 shortages of
fuel for transportation cosis, prorvided ve are villisg
to pay the incressed costs. Im 1973, the automobile
sccounted 7.r 068 of iatercity percosrl travel. Wy
2000 1t will be 79 to OAS, depeading on the rete of
grovih selected. Autonobilee and airlicves will retaias
their 908 sarke: share of iatereity pessenger miles
traveled.

Al cncoursgiag is the recest Vorldwateh
Inetitone position payer W Christophor Pisvia na “The
Putars of Gynthetis Materials: The Petrolewn
Cor.ection®. HNe states that despite their meerly
* Aal relisnce on oi] end satural gas feedstocks,
“synthetic materiels really 40 have mii’e a bright
fture®. He goes oa to say, “There is & great

potential for synthetic materials to Le used in
various vays that actunlly save energy”. Synthetic
rubder, synthetic fibers and plastics currently
require only 3% of the world's oil uad natursl gss - a
figure that will rise to 6% in the 1990's - but they
must depend on this rav material source. Coal iz an
altersate lot - evrs but expensive source and Flavin
finds fsv industry experts who viev coal as "s cheap
fource of fewdstocks for synthetics even after 2000".

Ip conclusion, the energy outlook is challenging
the polymer indust:y to solve some serious problems in
the next decada. 1 aa optimistic that adequate
sources of ¢.ergy at affardadle cost will be developed
and that the polyuer and sutomotive industries vill
continue #c flcurish fcr many years. The polym'r
{ndustry can be proud of its contridbutions to the
modern sconomy and vill aurely esntinte to play a
significant role in improving the stapdard of living
for everyone. Folymer scientists and engineers have
worked hard and successfully in coping vith the
problems generated in the 70's, and vill undoudtedly
sake major contridutions to snlving the difficult
material and energy problezs of the 80's.
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POLYMER SCIENCE IN EUROPE AND uAPAN

Charles G. Overberger E
Oepartment of Chemistry :
The University of Michigan
A Arbor, Michigan 199

E ABSTRACT !
L Thare is a large group of research centers :
4 primerily at universities, but industrial laboratories
i as well, urryin? out research in dasic polrr science.
3 This lecture will attempt to present a few highlights i
g of research activities in a number of universities in :
Europe and Japan.
A brief summary of statistics on centers of poly- |
mer science and engineering in Europe will be pre- :
. sented,
SN
z.'.
é: (Text was not provided for pudlication.)
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POLYMER DEVELOPMENT IN THE UNITED STATES

Hilliam J. Satley

Oepartment of Chemistry
University of Maryland

College Park, Maryland 20742

ABSTRA( .

Polymer science is alive and well in the United
States. Our journsls in the fleid of polymers are
exceptionally strong and attract a very high aumber of
papers by forﬂ?n suthors. Foreign students and post-
doctorates still come in large numbers to study
polymer science in the U.S. The award of the Nobe!
Prize to Or. Payl Flory for his work in polror
science gave great encouragement to the field. The
estadblishment of new polymer institutes in polymer
science and engineering in such schools as the
University of Massachusatts, Case-testern Resirve, and
the University of Akron complemgnt such traditional
conters as the Polytachnic Institute of New York and
the Coliege of Forestry in s{rmu. Our {nduscrial
firmg stil] are the world's leaders in the production
of polymers although our lead in this ares is
decressing,

One of the very negative aspects in the polymer
fig)d in the U.S. hes been the deemphasis of polymer
chemistry. Most of the mur chemistry departments
ia the U.S. have eliainated po chemistry from
their curriculum and hove n0 polymer chanist on their
staff. While many Of these universities nave polymer
progrims in chamical engineering, meterial science, or
separats institutes for polymer science, thure it
essentially o J:'-f" chamistey availadle within the
department of stry.

{Text was mot provided for publication.)
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REMARKS

Dr. Herman F. Mark

Polytechnic Institute of New York
333 Jay Street

Brooklyn, New York 11201

Thank you.

I'm sure you all understand that feelings of very
warm gratitude, of deep appreciation are now uppermost
in my mind. Together with the feeling ¢f humility
because you know and I know that much of what 1 have
done was not done by me but by a large number of
devoted and able collaborators and associates. Of
course my gratitude is mainly due to Bob Shane and
EVi Pearce, the chairmen of this meeting; to all
the speakers; and to all of you who were so kind to
come. [ think our joint gratitude also is to our
country because you look at this Symposium: its
speakers, its chairmen, its topics. Anything of
this kind could not be organized in any other country.
In fact it could not even be organized in any combina-
tion of other countries. And so such a Symposium
really is an unusual and invaluable birthday present.
You know there are standard birthday presents. There
are flowers, there is Scotch, there are cigars, there
are wrist watches, there are all kinds of things.

This is unique.

I have already a pilot planned run of such a
Symposium in New York a few weeks 2go, also organized
by E1i Pearce and by Herbert Morawetz. It was 2
family affair. Now this is a national affair. [ have
only one birthday present which is equal in {ts
uniqueness and that was when | was 80 years old and |
went to Israel and we had a celebration of my 80th
birthday. They gave me 2 forest. A forest which
contains 80 trees in the domain of the Weitzman
Institute. And of course they had planted those trees
for that puryose. They're not very large, they're
about that large. Last year [ went there, my God.

Oh well, they'll keep on growing even when there will
be no birtldays for me any more and they will become
larger and larger. And when I got this, when Ephraim
Katchalski gave it to me he said, well at least

this is a birthday present which you can't carry away.
Well this is a birthday present which 1 can't carry
away either. We all are benefiting by it.

Now the topic is Polymers in the Service of Man.
And you realize that this is a very large subject.
And in fact when the Symposium was organized it was
realized that not ¢! branches can be handled, not
even in three days, probably it would take a week or
more. And therefore what 1 would 1ike to do in five
minutes is to mention a few additional areas where
polywmers are extremely active and important in the
service of man which are not included today, tomorrow
and after tomorrow. And this is really whatever we
have to 00 with bio-polymers with polymers directly
interfering, helping, assisting, health, well-being of
humanity of all of us; maybe some medical treatments
and others. | have a few slides but in view of the
time I think | could just as well tell you of what
it is about. | think the most important aress in the
sssistance of polymeric materials in blology, in
blo-engineering, in medicine; are two.

One 1is polymeric delivery systems of drugs because
the tondancy to enter this field successfully has
actuslly sparked the synthesis of a large number of new

polymers; new polymers which eventually if put some-
where on the skin with a tape would deteriorate
gradually, they would either decompose, they would
be bio-degradable or they would be bio-erodable cnd
permit the drug, liquid or fine powder to enter the
body, our system, through the skin. Similar
polymeric materials can be prepared in such a manner
that they are bic-degradable, for instance any
standard polyester which contains a few percent
glycolite groups will degrade under atmospheric con-
ditions. Packaging materials produced from such films
wouid therefore au“omatically disappear within a few
weeks just like paper or other natural polymers.
Well you know alot of work is being done and the
elaborate and extensive research on bic-degradable and
bio-erodable polymers is another big area ot service
to medical treatments.

Another field which I wanted to mention has
more to do with bio-engineering, if you want to call
it that way, particularly with the industry ot
fermentation. These are the immobilized enzymes.
Again some 25 years ago when Ephraim Katchalski worked
at our Institute, Charlie Overberger and Murray Goodman
at that time were anxious to produce synthetic poly-
meric materials with pendant reactive groups, so thzt
one could use synthetic polymeric materials as drugs.
And if the polymer chain would somehow sc: to it that
the active material gets in the right place in the
system. Well when Ephraim Katchalski was there he
said well that's very nice and that's very interesting
but why don't we try to combine enzymes with
synthetic polymers rather to replace them by synthetic
polymers. ~.d really that was the origin of his work
immobilizing polymers. Molaren was at that time at
the Institute. He worked among the same lines ang as
you know this is today a big industry. Besides of the
fact that it is a very interesting research area, it's
2 big industry. The fermentation industry in many
instances now utilizes the success immobilized enzymes
or immobilized other biologically active substances,
So this is another branch a special Symposium probably
would be needed in order to bring our attention to all
its present ramifications and to its present success.

So this is really; those are the remarks, I
would like to conclude these remarks again by expressing
my deep appreciation, my warm gratitude to all those
who have helped the Symposium to start and to all those
wha will help it today, tomorrow and after tomorrow
to succeed.

Thank you very much.
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DEFINITION AMD DESCRIPTION OF ENGINEERING PLASTICS BUSINESS

Glen A. Thommes
E. I. du Pont de Nemours & Co.
Wilmington, DE 19898

ABSTRACT

Engineering plastics are those high performance
resins vhich tend to replace noaplastics materials,
often metal, in durable goods.

Several factors have had major influence on the
historical development of these materials and on their
use. The history will be briefly traced but major
emphasis vill be placed on the factors driving the
growth of engineering plastics in today's climate.
For example, the tight energy supply; engineering
plastics require less energy than metals to produce,
and slso often save energy in their end uses. A
second factor is a favorable cost position vs. die
cast metals. Another factor is the broad range of
materials availsble today, esch with unique combi-
nations of properties. PFinally, designers have demon-
strated incressing ability to use the special
properties of engineering plastics to eliminate
parts, save costs, and provide durable goods products
that are unique.

All of these factors contribute to a healthy
business climate for engineering plastics, now and in
the future.

TEXT

This paper presents an overview of the engineer-
ing plastics business and an understanding of how it
fit: into the total plastics industry spectrum. Other
session papers will reviev the application of engi-
neering plastics in transportation, informstion
technology, communications, electronice, snd durable
consumer goods.

Most of the exemples I uss are from the Du Pont
Company. 1 think you'll agree we are all more
comfortable discussing products directly related to
our own experience.

To effectively accomplish my task, let's begin
vith a definition of ~ngineering plastics.

The defirition used by George ¥. Foy of the
Chenical Business Development Company at an ACS
engineering plasti~e oymposium back in 1969 remaina
sbout the best ome X “now. As Mr. Foy put it,
“Zagineering plastics > those which posserss
physical prepertiea smsdling them to perform for
prolonged use ia structursl applicatioas, over a
vide-temperature ramge, under mechmmical strese,
and in difficult chemical and physical eavirou-
wents.” After 11 peara, I think that's still an
effective gemeral defimition.
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Types of Plastics
(Examples)

Speciaity Plastics
Fluoropotymers @ Polyimides @ Polyaramids

Engin. rring Plastics
Nylon @ Polycarbonates @ Acetal Resins

intermediate Plastics
ABS B Acryiics

Commodity Plastics
PVC @ Polyethylene @ Polystyrene @ Polypropyiene
Pig. 1.

Figure | gives you a feel as to vhere engineer-
ing plastice fit in the total spectrum of polymers
utilised in the plastics industry from a volume/
selling price stendpoint. -

At the top ave the low volume (IM-20M lbs/yr),
high cost ($5-840/1b) ultrehigh performance
materials == such as fluoropolymers and high-
temperature aromatic polyimides and aramide --
frequently referred to as “specialty polyners.”

These resine have special characteristice such as
outstanding electrical resistance, chemical inertness,
and high-temperature strength. Most are expensive

to produce, but because of aigh valus-in-use con
cowmand a premium sslling price.

Bext come the engineering plastics with selling
prices {: the $1-¢2 per pound range and sanucl volumes
of ten to several hundred millien pounds.

I've then licted vhat I call the “intermediate™
plastice -~ ABS and acryiice. These products camnot
be totally classified as either eugineering plastics
or commodity rasins since they exhibit charecteristice
of both groups. Selling prices are in the $0.30-61
per pound renge and volumea exceed one dillion pounds
per year.

Pisally, ve have the least expensive, but high
voluwe “commodity” resins, ramging from $0.33-$0.30
per pound. Sales of iadividual polymers in thie
category range from 300 mnillion oa the low side to
over tem billion pounds per year on the high end.




Engineering Plastics

@ Nylon

@ Polycarbonates

@ Modified Polyphenylene Oxide
| Acetal Resins

@ Polyesters

@ Polysulfone

@ Polyphenylene Sulfide
Fig. 2.

While commodity-type polymers offer distinct cost
advantages, engineering plastics, such as those listed
in Figure 2, generally offer advantages in rigidity,
impact and abrasion resistance, high-temperature
strength, diwmensional stability, and chemical resis-
tance. Frequently, it's an improved balance of these
properties that makes them useful in engineering
applicetions where components are redesigned to take
advantage of the special combination of properties
that each engineering plastic has.

This group of polymers has been replacing and
extending the use of metsls, wood, ceramics, and other
structural materials at a significant rate for the
past 25 years. They have grown at 21 percent per year
over that period, and a growth of 10 ~ 12 percent per
year is projected to continue. By contrast, the
principal wetals with which they compete are expected
to grov at about two percent per year. Priced from
between $1 to $2 per pound, approximately 800 million
pounds of engineering plastics were sold last year.

Nona-ferrous Metal Castings
vs. Engineering Plastics
19601986

R Non Ferreus Metals
69 Engineering Mastics

%0 % 70 15 B B8
Snginssring Mastics 25 155 990 SO0 1060 1648
Pig. 3.

Figure 3 shows the growth of engineering
plastics and monferrous metal castiugs since 1960.
Plastics have grown from two percent of the market
in 1960 to about 25 percent today, and we project
that enginesring plastice will account for wore then
one-third of the market by 1983.
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Hydrocarbor Feedstocks and

e Energy Cost Index
600 19691979
500 |- /
m—
300
Energy

m._.
100

| | 1 1 1 1 i i 1 I I}

‘9 770 711 72 73 74 15 76 71 18 19

(100 = 1967) Year
Pig. 4.

One major reason for the growth of the plastics
business in general, and engineering plastics in
particular, is the soaring price of energy. Figure
4 graphically portrays vhat has happened to energy
and hydrocarbon feedstock costs over the past ten
years. We project this trend will continue for the
next decade as demand for available fuel resources
continues to grow.

It's interesting to note that at the 1969
symposium, which ! mentioned at the outset, the
speakers made no wention of the effect of energy costs
on engineering plastice. But how could they have
known then of the oil embargo that was to come four
years later? The point is that the external environ-
wment, over which we have little or no control, is a
major fsctor in the development of our industry. We
have to b sensitive to that environment in the area
of research and development, as well as from a
wmarketing point of view.

It's obvious that the current emvironment,
given its energy implications, {& having & significant
{mpact on the plastics industry. That's because
plastics differ from most nther major materials in
that they not only require emergy to process the rav
materials into finished product, but also require s
form of enargy (petroleum products) as raw materials.
Duspite this, energy snalyses show that plastics are
one of the wost efficient uses of oil and natural gas.
In many cases, the total quantity of the energy
required to make plastic products is less than the
total energy roquired to mske the same products of
nonplastic material.
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Figure 5 compares the total energy requirement
per unit volume of material for representative
Du Pont engineering plastics with competitive metals.
The data is reported in thousands of equivalent BTU's
per cubic inch.

The polymers I have chosen include: Delrin®
acetal vesin, an unfilled and a glass reinforced
Zyt21® nylon polymer, our vecently commercialized PET
polyester, Rynite®, and s grade of wmineral reinforced
nylon, Minlon® 10B 40.

In the case of the metals, we measured the
energy required to take the matsl fronm its ore stste
to an ingot. For the plastics, we took the thermsl
value of the feedstocks used as rav materiale plus the
energy required to coavert the feedstock into resin
pellets.

It is readily spparent that the total energy
tequired to make a unit volume of plastic is signifi-
cantly less than for compsradle metsls. 1f we were to
add to this the energy required to fabricate metals or
plastice into finished parts, the energy differences
would be even wore striking.

In comparison to other waterisls, then, engineer-
ing plastics consuma lees energy in material produc-
tion, part fabricstion, and, by virtue of their high
streagth~to~weight ratio, in end~use performance.

A good example of vhere these concepts sre being
put into practice is in the asutomobile industry. It
is estimated that there sre almost 200 pounds of plse-
tic in che average U.S. built 1979 car. A substantial
fraction of this is the result of an intensive
program by automobile manufacturers to improve
gesoline mileage performance through weight reduction.

Sngineering plastice are increasingly being
sudstituted for heavier metai componente ‘ewir- Of
all-sround performance advantages. The : +«'. .0’
great strength-to~veight characteristic. ace 0 ad¢
bonus. This “light-weighting” program has 2 “cascede’
effect. Waight reductions in automobile periphers}
components by substitution of plastics permit use of
lower horsepower, lighter emgines, and mor~ efficie
transaissions and drive trainme.

Por every 400 pounds of "light-weis ing™ *he
average car will increase its gas mileage By o
mile per gallos (MPG).

Sased on estimates of the plastics light -
wveighting in all cars presemtly oa the r(oud, ti:
total amnual energy saviags in fuel comeumptiom
is 80.5 trilliom BTU's, ov the equivaleat of
14 ullllon barrels of crwde ofl.

Energy Requirements for Fender Liner’

Steel  Aluminurn  Plastic

Weight (lbs.) 13 5 6
Gasoline, Energy Equivalent,
To Produce 3 6 Q
To Transport n 4 S
Total 14 10 7
*General Motors Study
Fig. 6.

A more specific example of engineering plastics’
lower energy need in actual use is illustrated by a
General Motors study of the energy required to produce
and trensport a typical automotive part -- a fender
liner -- wade of different materials. The results
of this study are most enlightening. (See Figure 6)

As you can see, the steel liner requires the most
total energy to produce and tisnsport, vhile the
plastic part requires the leust. Although the
aluminum liner weighs less, the energy required to
produce the aluminuwm more than offsets its weight
ssvings, making the plastic fender liner the most
energy efficient.

The point is that with energy cost increases
propelling the growth and development of the engineer-
ing plastics business, our industry is clearly
impacted by external influences. Ths development of
engineering plastics technology, then, is really an
evolutionary process, pulled along by everwore
demanding needs in the marketplace.

Let's take & look at how this evolution has
brought the industry to vhere it is todsy.

The early engineering plastics resulted from
extensions of polymer technology in othar fields.
Nylon, for instance, vas originally cowmercialiszed
as a textile fiber. ABS was an outgrovth of the
rubber industry. Initis! warket development centered
on end-uses vhere the engineering plastic could be
directly substituted for metals. As acceptance and
use goev, there was continued feedback from the
marketploce for resin modification to meet new product
development needs. From this effort nev families of
engineering reeins have evolved. But, more
importantly, thousands of modificetions have been
commercialised.

ENGINEERING PLASTICS
TECHNOLOGY EVOLUTION

Basic Pamilies
Copolywers
Malt Blends
Additives
Fillers
Reinforcement

'i'c /G

The technology for this evolvmtionary process of
product modification is both fascimating and diverse.
Tigure 7 ohows the components of that evolutionm:
basic families, copolymers, melt dlends, sdditives,
fillers, and reinforcement. It is inouibh for me

to adequately cover this broad spec bor
fully, a fev examples will give m a !ul (or e




an—n-». . - < i T AT,
r many "levers” tlie polymer chemist can pull to ta_lor For example, Du Pont's 43 percent glass- :

D

his engineering plastic to meet a specific produ.*
need.

BASIC FAMILIES - First, well over 90 percent of
the engineering plastic annual sales volume falls
wvithin five basic engineering plastics families.
These are:

Nylon

Polycarbonates

Modified Polyphenylene Oxide
Acetal rerins

Polyesters

Other, lower volume, engineering plastics
include polysulfone and polyphenylene sulfide.

COPOLYMERS - The cost of commercializing a
new polymer family is high and the time span from
laboratory to commercial production is long. So,
the natural trend of the polymer chewist is to
modify the resins within a family to meet new
customer needs. Major properiy changes can be
effected by introduction of comunomers, usually
of the same generic family. A highly crystalline,
high-melting 66 nylon, for example, can be trans-
formed into & soft, amorphous, low-melting polymer
by copolymerization with caprolastam or a different
dicarboxylic acid.

MELT BLENDS ~ Melt blending, via extrusion,
of two different homopolymers within the same
family or of different families has been successfully
used to modify resin properties. Probably the most
successful application of this technology is the
blending of styrcne with polyphenylene oxide,
which has resulted in a large family of plastics
with a wide range of properties.

However, mixtures which are molecularly
intimate are limited. What can the polymer chemist
do with those components which, by their nature,
are not molecularly compatible?

The answer is cowpatibilization, whereby polymer
chemists are able to form a chemical bridge between
two incompatible polymers. The result is & product
that is superior to aither of the original two.

The wost familier example of compatibilization
ie the impact styrenes vhers, by use of a grafting
technique, styrene is polymerized arcund rubber.

The result is a combination of properties in thi pure
crystalline styrene snd the rubber that is unavail-
able in their original form.

Compatibilization promises to be a fruitful ares
for future polymer resesrch.

ADDITIVES - The use of additives offers the
broadest spectrum for polymer wodification. It
includes:

e dyes and pigments

o wstabilisers (such as antioxidants, hydro-
lytic, thermal and ultraviolet)
flame retardants
plasticizers
fast-molding edditives (such as nucleants
and lubricents)

FILLERS - The effect of fillecs is similer to
that of additives. Pillers ueually consist of min-
eral or lider added in concentrations of 10 to 30
percent. They are added to make a stiffer, mwore
wmetal-like product. Unfortunately, they ususlly
result in & less tough, more brittle product.

REIRFORCEMENT - Pclymer scientists found a way
to retain modt of the toughness cf the uareinforced
plastic vhile sttaining higher stiffness of filled
compositions by chemically treating the surface of the
filler so it reacts with the polymer moleculee. This
technology is called resin reinforcement.
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reinforced Zytel® nylon has a modulus of 1.6M psi at
23°C. This can be compared to a modulus of 0.4M psi
for the unreinforced 66 nylon base resin. In this
case, reinforcement yizlds a fourfold improvement in
stiffness and, as measured by notched Izod, toughness
increases from one foot-pound to over two foot-pounds
per inch of notch,

As we review this technology evolution, it's
interesting to measure our progress against two major
physical ~voperties important in engineering plastics:
stiffness and heat resistance. The next two figures
give a visual chronology of the products which have
been commercialized as wmeasured in terms of these two
properties.

Flex Modulus vs.
Act Commercialization Date

Flex Moduive

@ 73°F, SO% RH
(Thovesnds psl)
2000 —
1800 [~
1600
1400

1200 —
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'S0 85 60 465 0 75 7280
Fig. 8.

Pigure 8 shows a comparison of the flex modulus
of various engineering plastize with their dates of
commercialization. At the bottom and to the left
are the unreinforcad bawic reesine. The first sig~
nificant wodulus incresse occurredé in 1970 with the
commer:ialization of & 33 percent glass-reinforced
nyloan. In succeeding years, stiffer and etiffer
materials have been developid to meet thie needs of
the designer. A 43 percent glase-reinforced 612
nylon was introduced in 1973 and & )0 percent glass-
reinforced polyethylene terephthalate was marketed
in 19/%.

This trend has continued with the recent
Du Pont introduction of a 43 percent glass-
reinforced PET compoeition with a modulus of
2 pei at 23°C. Thie new Rynite® has a modulus
10 tiwes higher than wes availsble in enginearing
plastics of the 1930°s.
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Dots of Commercialization
rig. 9.
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Another very important property in many eppli-
cations is heat resistance. Plotting the heat
deflection tamperatures of various engineering
plastice against their dates of commercialization,
as shown in Pigure 9, sgain reveals steady improve-
went in properties. Gliss~reinforced plastics have
heat distortion temperatures that are generally twice
those of the unreinforced resins which were availadle
25 years ago.

The development of new plasticc based ou the
technologies I've discussed with you today has greatly
expanded the use of engineering plastice in virtually
every segment of industry. In the sutomotive field,
we find these nev engineering plastics used in
engines, transmissions, cooling and fusl systems,
steering and suspension cowponents, electrical parts,
accessories, and a variety of interior and exterior
body parts.

We slso see these plastics used in industrial
products, such as small gas engines, applisnce parts,
electricsl and electronic coaponents, and consumer
items such as sporting goods end power tools. These
nev engineering materials are coatrvibuting to the
avolution of end-use products and applicatioms which
vere never before jossibdle.

As you cen see, engineering plestics are con-
tinually evolving as bazic engineering materials.
Nore designers are "thinking plastice™ firet because
of their high-performance capabilicies and stremgth,
and because their multifumctiomnal design end low-cost
assembly capabilities lead to production coct savings.

tagineering plastics continue to wmeke inrocsds
into tra¢itional wetsl markets, but they no lomger
are considered mevely as low-cost, low-quality
replacements or alternatives. Today they drimg mew
divensions in value to parts production. As you will
see by some of the other presentations deiag givem
here today, engimeeriang plastices have come of age.

4/24/00
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TRANSPORTATION AND ENGINEERING PLASTICS

Philip Weiss

Polymers Department

GCeneral Motors Research Laboratories
Warren, Michigan 48090

ABSTRACT

Engineering plastics, such as thermoplastic poly~
esters, filled nylons, polycarbonate and sheet molding
compounds, are used in the automotive industry.
Specific applications including processing methods
will be presented., For effective utilization of
enginesring plastics, there must be a balance between
properties (physical, chemical, etc.), rapid process-
ing, environmental and safety considerations and cost
advantages over components fabricated from steel,
sluminum and other polymeric materials. Selection of
an engineering plastic for a given application,
particularly for the exterior of the automobile, must
also be impact resistant and provide the required
surface characteristics for painting. While engineer-
ing plastics are of importance in reducing the weight
of the sutomobile, the presentation will stress the
competition between available materials for a given
application.

IN SELECTING POLYMERS POR AUTOMOTIVE APPLICATIONS,
it is neceasary to consider physical and chemical
propsrtiss, weight, durability under environmental
axtremes, aging, safety, ssse of recycling, energy-
absorbing properties, appearance, and matsrials and
processing costs.
special attention must ba given to flammability
resistance reguirements as outlined in the Motor
Vehicle Safety Standard (MVSS 302). Polymers for
exterior applications must aleo be impact rasistant.
For undarhood applications, in close proximity to the
engins, polymars should have long-term resistance to
heat and/or ofls. Automotive polymers need to be
procassed rapidly in ordar to mseat the high volume
production of vehicles. The polymers must raspond to
and parform eatiafactorily under varying environmental
conditions including extremes in temparature (=40 to
121°C and in some underhood areas to 150°C). Table 1
lists the maximum service temperaturs for some
automotive plastics. Automotive polymers must aleso
survive humidity conditions and vibrationa associated
with ip=1. = ice performance.

Plastics usage has been climbing ateadily (1,2)*
(Tabla 11). The 1979 automobile used 90 kge of
plastics/car to fabricate wora than 500 plastic parts.
Thia weight includes 19 kga or 21X of engineering
plastics such as polyamides, saturated polyestars,
polycarbonate and unsaturatad polyestars in sheet
molding compounds. Tabla III lists some of the
engineering and other commercisl plastics usad and
some vepresentative applications.

*humbers in parenthescs designate References at end of
paper.

For automotive interior applications,
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Although cost is a factor in any industrial
product, improved performance, durability, and safety
are of major importance in material selection. In
automotive applicatiors, price comparisons must be
made on a volume basis, and when this is done, many
plastics (e.g., poly(v'nyl chloride), acrylonitrile-
butadiene-styrene terp. lymer (ABS), polyethylene, and
polypropylene) become r alistic candidates.

Additional advantages of plastics include lower
tooling and finishing costs. This is so because
complex shapes can be fabricated in a single operation.
The development of the injection molding machine, in
1936, was of major importance to the automotive
industry in that it provided a very rapid method for
fabricating high volume automotive parts. For example,
in 1970, the automotive industry used 165 x 106 kg of
polymeric materials to manu.acture injection molded
plastic parts. Typical products include grilles,
instrument panels, fender extensions, fender liners,
lamp housings, bszels, and inner door p..els.
Improvements in injection molding (e.g., reciprociting
screws and process control aids) further contributed
to rapid procevsing of plastics. Other polymer
processing methods used by the transportation industry
include calendering, extrusion, vacuum forming,
compression molding, blow molding, and plastics
stamping. For example, front-end retainers are
fabricated by stamping a sheet of 40X glass-reinforced
polypropylene. The part made in one operation in a
conventional metal stamping press covers the entire
front end of the automobile from headlamp to hoadlamp.

Improved physical and wechanical properties in
plastics must still be attainad if plactic compositions
are to meet structural application requiremunts. Due
to climatic conditions, automobiles must endure
extremes of temperature (=40 to 121°C), and, yet,
materials must maintain a reasonable modulus of
elasticity, even at slevatad temperatures. For
example, the modulus of alasticity for nylon is
3450 MPa at -40%, 2070 MPa at 10°C, and 690 MPa at
49°C, but it falls off to 41é MPa at 121°C.

Rapid decrease in modulus with increasing
temperaturc i{s characteristic of most thermoplastics
and therafore limits their use for structural
sutomotive applications. The modulus may be increased
by using engineering plastics and/or reinforcing the
polymer with fillers (e.g., glass, clay, silica, stc.);
reinforcement imparts dimensional stadility to the
finished articla. Dimensional instability is
manifested by warping and distortion of the plastic
part due to softening and excessive expansion when
sxposed to heat and also by cracking due to brittleness
and shrinkags on axposurs to cold temperatures. Glass,
for axample, improves the dimensional atadility by
increasing stiffness and decreasing the coefficiant of
thermal exparsion i comparison to the nonrsinforced
plastic. Glass-reinforced polyesters (30X glass)
appreach the regquirements for structural applications
in that their flexural sodulus is 5520 HPa at 21°C and
only dropa to . % MPa at 121°C. Sheet molding
compound (SMC), prepared as a preform by combining
chopped glass {iber and polyester resin, is alsc used

for manufacturing automotive plastic parts. It is
conveniantly handled as 2 tacky materisl for
subsequent proccaaing by compression wolding. SMNC is

used for making automotive front ends, valance panels,
and hoods in limited production. The part is
fabricated aa one piece in one operation and tharefore
reprasents a cost advantags vhen compared to sultiple
mstal stamping operations and final assembly by
joining many matal parts. Manufacturing costs would
be greatly reduced if sheet molding compounds cuuld be
processed rapidly. Some progress haa besn meda in
fabricating glass-reinforced plastica dy injectioa
mnlding. Successful applications include lamp
housings, radiator fans, fuel pump componenta, shift




consoles, and fender liners. Due to the presence of
glass fibers, injection molding techniques must be
wodified to insure minimum damage to the glass fibers
during processing.

Thermoplastic polyesters (e.g., polybutyiene
terephthalate) (3) are versatile engineering plastics.
They have outstanding dielectric characteristics, good
mechanical properties, high chemical resistance, and
can be readily injection molded. Typical automotive
applications include headlamp housing - fender
extension, reer window louver, distributor cap for
high energy ignition system, rear-end panel, and
connectors for electrical devices. Compounding of
injection wolding grades of nylon with treated mineral
fillers (e.g., silica) increases stiffness and reduces
costs associated with plastic reinforcement (4).
Mineral filled nylons are also lass prone to develop
sink marks (surface imperfections) on surfaces backed
by ribs. To achieve effective reinforcement, the
fillers are treated with coupling agents.

Ay noted in the fev examples above, engineering
plastics, such as thermoplastic polyesters, filled
nylons, polycarbonate and sheet mclding compounds, are
used in the automotive industry. For effective
utilization of engineering plastics, there is a need
to optimize the structure-processing-property
relationships for automotive exterior applicaticnms.
Environmental, safety and cost advantages over
components fabricated from steel, aluminum and other
polymeric materials must also be counsidered. While
sngineering plastics have good impact resistance and
are of importance in reducing the weight of the modern
autowobile, they are in strong zompetition with other
available materials for specific applications.
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Table I - Service Temperature (Maximum) for Sume Autosutive Plastics

Service Temperature

(Max.) °C
Thermoplastic
Poly(sethyl methacrylate) 87
Nylon 150
Polyethylene (L. D.) 95
Folyethylene (H. D.) 120
Polypropylene 140
Polyester 160
Acrylonitrile-butadiene-styrene (ABS) 95
Acetal 120
Poly(vinyl chloride) 85
Thermoset
Phenolic 232
Urea~formaldehyde 120
Reinforced polyester 175
Yolyurethane foam 100 - 150*
Epoxy 150

*Depands on type of foam (open or closed call), flexible or

rigid, and density.

Table II - Growth of Plastics {n Automotive Applications

Year

1940
1950
1960
1970
1974
1979

kg/Car

Table III - Plastic Applications

Plastic
Acrylonitrile=butadiene-styreue (ABS)

Unsatursted Polyesters (Glass Reinforced)*

Polyamide (Mylon)*

Saturated Polyesters®
Polycarbonate*

Polypropylene

Poly(vinyl chloride) (PVC)
Polyurethane

*Engineering Plastics

Applications

Instrument cluster, heater ducts, alr
conditioner houning, grille.

Lamp housings, front end assembly, fender
extension.

Canister for emission control, exterior trim
clips, fender extension, steering column,
bearings and bushings, brake-linkage support,
tie rod bearing, seat belts, carpet.

Seat belt assembly, windshield washer comtainer,
tive cord, ignition distributor assesdly.

Rear lamp assemblies, air conditioner outlet
deflector retaiver.

Glove box, fan shroud, accelerator pedsl,
electrical connectors, radio grille, inner door
panels, battery case, fender aprom.

Upholstery, safety-pad, hesdliner, cun vicor,
wire insulation, roof covering.

Seating, visor, headliner, safety-pad, st
rests, sir cleaner filter slament.

!
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GRAMS TO TONS
(Plastics in Communications)

L. D. LOAN
Bell Laboretories
Murray Hill, New Jersey 07974

ABSTRACT

As in many other industries, the use of polymevs
in the communications industry has increased year by
year in a very dramatic way. Although most of these
rolymeric materials are used in vhat one might csall
bulk epplications such as wire insulation and plestic
equipment housings increasing amounts are being used
{n wuch more specific and perhaps demanding applica-
tions. A epectrum of these applications together
with ¢ snapshot view of the most important chemical
requirsments in each case {s presented. At one end
of ths epectrum we must consider polymers ueed in quite
suall amounts in epplications vhere many thousands of
dollars worth of cquipment would be sacrificed should
a polymeric material perform inadequately. Yor
example the preparation of masks for integreted cir-
cuit sanufecture cdepends critically on the ebility
to write and develop | um petterns in a suitable poly-
mar filn, From such high technology low volume
usagss ve msy pass through intermediete applications
to the very high volume usage in products such as
vire and cable wvhere longevity and in some cases, such
as ocean cable, very low electrical loss are of para-
mount isportance.

1. BACKXGROUXD

THE COMMUNICATIONS INDUSTRY currently uses in excees
of 250 million pounde of plastics materiele sach year.
Whils tule volume is impressive it is not naarly as
intereeting es the wide veriety of ways in vhich theee
polymers are used. Although moet of this huge volume
is used in what might be ralled bulk applications euch
as cable insulation and jacket and equipwent housinge,
significent applications exist vhere extremely ex-
pensive equipment depends for its proper functioning
or for ite manufacturs upon small amounte of carefully
synthesized plastice materials. Thia paper will
ettempt to highlight some of the totel range of appli-
cutions, hence the title Grame to Toms.

2. POLYMERIC RESIST MATKRIALS (1%)

Like o0 many others the commumnications industry has
become very depemdent upom microprocessor chips to
efficiontly do its business. Current techmology calls
for 1 u» scsle patterss on these chips and their memu~
fecture depends critically wpom reliasdle inecripcios
of patterns wpoa substretes. Polyweric resists arc
vsed commonly for this purpoees either applied divectly
to the silicom subetrate or to prepare a wask, they
may vespond to uv, electrom, or E-vay irrvadiation.
each case the ais is to sufficieatly wodify certain
aress of a polymer fils s0 that a well defined patters
nay be developed ia it by solvest, plasms, or vepor
developaent.

Solution development is perhaps wost common and for
this to be efficient the polymsr mwet ba eufficiemtly
crooslinked or degraded to substamtially ckeage its
solubility. Crossliakiag leads to asystive recists

T Pabere is pareatheses desigaste References ot end
of paper
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(e.g., pertielly cyclized polyisoprene with a diazide
crosslinking agent) while degradation provides posi-
tive resists (e.g., poly(msthy) methacrylats) or
eliphatic sulfones).

3. COATINGS FOR GLASS-FIBERS(2)

Glass is obviously the transmission medium of the
future and the communications industry is dedicated
to its rapid continuing introduction into the commu-
nications network. Following the spectacular success
of the materials community in producing fibers of
very low loss the incorporation of fibers into cables
imposes two further requirements, high fiber strength
and low loss in cebled fibers.

For efficient cabls production fibsr strengths of ths
order of 105 psi are required. Although this is only
around one tenth the strength of unflawed fiber {t is
difficult to achieve consistently over kilometer
lengths. Surfece flaws greater than 0.8 u1m must Le
completely avoided and this requires extraordinary
care during fiber draving. The fiber surface must
then be protected by the application of a polymer film
immediately following drawing. To avoid damage to

the fiber during application the applied mstsriel
should be of very low viscosity and thue uv curadble
materiale such as epoxy-ecrylates and urethane acry-
letes are attractive as slso ere thermally curable
polysiloxanes using e poly-functional silane curing
agent. Some hot melt elastomers, notebly copolymers
of ethylene and vinyl acetate, have also been utilized.

The finiehed films must serve the protective function
nentionsd but elso ideslly have lov modulus to mini-
uize the smsll scale bonding of the fibar vhen it con-
tacte a havrd substrate such as e spool. Even small
protuberances of ths ovder of 1 um if impressed on

the fiber will ceuse increased loss. In some caees,
vhere ¢ good low modulus coating lacks adequate ebra-
sion resistance, a second hard extruded coat such an
nylon may slso be amployed.

4, POLY(PUENYLENE SULFIDE)())

Thermosetting matarials ere often used in applications
roquiring very good dimensional tolerance during ther-
na] bonding. Vor this reason among others e glass
veinforced diellyl phthalate reein was initially
chosen as an insuletor in s specific civcuit board
comnector for slectronic offices. Wowever, probless
sppeared during production in seeting tolerami.es, and
controlling dimensions, and in shipping vhere perts
vere frequsntly brokem.

Folloving exteasive study s switch was made to a
tharmoplastic, poly(phonylene sulfide) (PPS) and as a
result performance and cost advantages have been od-
tained. As e result of thie success & wmmber of ap-
lications usiang therwosetiing materisls have boen ve-
vieved and becauss of reduced scrap during molding
and gemeral proceseing advemtages it has beem foumd
ecomomical to replace the cheaper (per 1.) thermo-
ost by PPS,

S. ABR(4)

Actylemitrile-butadicnc-styrene ia the wmost widely
ueed woldisg plastic i the Bcll System. 1Ite posi-
tion vesuits from excelleat impact properties and
sodest cost. One major wee is /a telephone houwsinge.
Inovitably with wee housiszgs become scratched or
othervise disfigured and sxet b2 veplaced. The old
sets ave returned to telephone covpeniss sad hence



to Western Electric where recoverable housings are 4,
buffed or otherwise renovsted. Some, howaver, are
too badly damaged and must be scrapped. However,
these scrapped housings still represent a valuable
materials resource and recent effcrts have led to a
significant reclaiming operationm.

Returned housings may have labels attached, and con-
tain cotton-wool and brass or metal screws which
must all be removed. The housings are first ground
and the plastic cleaned by an air floatation process
to provide material with impect strength almost equal
to that of virgin. Due to the mixed colors of the
input housings this recovered material may not be
used for new houaings but may be used in a variety of
other applications. PFor applications where fire
retardancy ie required a blend with PVC and added
iron oxide has been developed.

6. PVC(S)

Poly(vinyl chloride) is one of the major plastics
used by the Bell Syetem. Althcugh ite main uses are
in vire insulation, cable jacket, and buried conduit,
it 1s also used in & variety of molded applications
vhere fire-retardance is required. With so much of
tais material in current use, ite effective lifetime
in each application is of grest importance to the
continued successful operation of the network. Two
major degradation paths must be considered. In the
applications wvhere flexible, plasticized PVC is uaed,
loss of plasticiser by volatilization may lead to
embrittlement and failurc and etudies of thie process
have led to the selection of plasticisers carefully
matched to the planned use. Eowevar, for thie
audience recent work directed to the etudy of chemical
degradation -- and stabilization -~ {8 perhaps of
more interest. .

PVC degrades by loss of hydrogen chloride t~ give
conjugated sequences of double bonds which initially
cause discoloration and finally lose of mechanical
properties. The exact mechaniem of this degradation
has long presled chemists, and still does, but it e
clear that the stability of PVC s less than that
expacted of the text book stiurture. This fact hes
led to the speculstion that unstable grouvps are
formed during polymerization and recent work at

Bell Laboratories has baen divected to the elucidation
of the molecular structure in an as detailed s wsy ar
possible. The prime tool has baan 13C W@ allted
vith nild, non-structure deforsing, reduciion of the
PVC to polyethylens. In this way s variety of {7~
regularities have been found and theiv concentrations
wcasurad. Similarly end group structurs has been
studied.

Iazerestingly, thess studies have leod aleo to an
enoracus incresss in our kmowledge cf the polymerizs-
tion mechaniem. Primarily, perhaps, to an uader-
standing of the role of hesd to head addition ead
also to the part played by chlorine atoms ia tremsfer.
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DURABLE CONSUMER GCOODS AND ENMGIKEERING PLASTICS

R. 8. Hagan, General Electric Company,
Appliance Park, Bldg. 35, Room 1004,
Louisville, Kentucky 40225

ABSTRACT

Technology in engincered plaatics has undergone
a revolution over the past 20 years. Application of
this tachnology in consumer durable goods has also
revolutionized this industry in a visible and
tangible vay. This includes affordable products
over a broader consumer market base, upgrading cf

products wvhich have improved the quality of life.
The unique properties and procescability of plastics
over olher materials have vw.ade this possible.

The growth of plastics can be attributed to
technological swdvances in er.zineered polymeric
materials, technological advances in fadrication
processes and the impact of bLusiness and market-
place driving forces. Future growth will depend
upoh & creetive design/materials/process systems
spproach,

OVER THE PART 60 YEARS the plastics industry
has undergone a tremendous grovth snd evolution:
from billiard dalls to dishwasher tubs: from
decorative ornaments to electric coffee makers:
fron pyroxylin to polypropylens. This exploesive
grovth has resulited from invention of new meterialc,
‘he modification of existing materiuls, the
invention of nev processes and the modification of
existing processes. In the consumer products
sector, above all, this grovth has *ome frum the
creative coupling of the technological advances
vith designs and menufacturing methods to preducc a
preduct which fulfilled & need -~ formed plastic
refrigerator doors adding significent storage
space, urethane foam insulation to expand interior
torasge cpace and reduce energy consumption, plastic
wagher and dishvesher pumpe to improve efficlency
and improve product duredility, plastic air
conditioner fans for improved air flow and reduced
naiae, o iyriad of portable housewares which without
plastice could never have been meas.

Flastics hav: aiso made it possible to mese
produce affordable consumer products for a broader
consumer base. Nandcrafted, vood radio and
television cadinets have given way to plastic
cadinets. Many of the electrical and electronic
camponents in these products are insulated with
nodern diy plastics materials. Who ever would have
thought a decade ago that today we would have
electric irons vhich are predominately made or
plastic,

Certainly our quality of life has been greatly
improved by the vast array of polymers that have
veen invented. Uver the pest 30 years this has been
dominated by technological advances in engineered
plastics: the impact modification and improved
chemical resistance of styrenics, acrylics, poly-
carbonates, polysulfides, polysulfones, poly-
phenylene oxides, polyimides and others.

Today with the coupling of cheaistry, molecular
architecture and the dlending of dissimilar polymers,
as well as the incorporation of additives and
reinforcements, there is almost a limitless number
of plastics materials availatle for the menufacture
of consumer durable guods. Variations on tailored
materials based on styrenic polymers provide
consumers vith a multitude of products: functionsl
parts such as refrigerstor inner iiners, crisper
trays and pans: esthetically appealinyg, affordable,
and durable l.ggage: affordable household furniture
vhich replicates expeniive wood pisces: modern
furniture which has unique, appealing characteristics
all its ow.

Engineering plastics such as polycarbonate have
made possible such diverse applicationz as:
telephone dials - lightweight, non-corrosive
outdoor air conditioner housings and yrilles -
housewares part: - and snovmodbile housings. The
many derivatives of nylon chcaistry are used in
consuaer products ranging from cams, gears, and
connectors to buckets for trash compactors.
Therzoplastic polyesters rangs in applications frem
television tuner components to chain savw housings.
Each nev class of materials has breught a ualquw
set of characteriestics for the designer to work
vith and each has found market nichen vhich riv
thase characteristics.

More recent research and development om high
temperature thermoplastics and innovations in
yiocessing technology for older thermosctting
zaterials have expanded applications to higher
temperature, more structural applications such as
microwsve oven doors and internal components,
air conditioner barrier and dase pans integrsted into
one functional part, thermal dresks and decorative
components for electric ranges, lawn mewer housings
and even furnace campunents. As the impact of
tising energy costs and shortages intensifies,
the replacemsnt of metsl die -astings is nccurring
in & sultitude of products.

As fantastic as this explesion of plastics
applications may be, ths road from basic scieace
1o tangidle useful procucts iz & tortuous one and,
in detall, requires s tremendous amount of
creativity, technical development, resources,
business commitment ané perscverwice.

By way of example, the route froa tiw el¢gant
scientific vork of Drs. Liegler and Natta on
sterecspecific catalysts which turned an amorphous
cease into the rigid and useful semi-crystailine
polymer, polypropylenc, in 195k v> applicetions in
the 1970'a such ao molded ona plecy dishwmsher tubs
and modern spray and steem iron housings is .illed
with tochnologics: innovations and engineering
davelopment.
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Much creative technical work was requirsd for
the development of stabilizers to prevent material
Aegradation by oxidation. Thiw wus followed by
further acientific insights on 3o0lubility and
diffusion that were essential ior the development
of specific stabilizer systems which were not
extracted by polar and non polar solvents, e.g.,
hoi water, food oils and plasticizers.

The technology of block copolymeriration made
possible ethylene-propylene block copolymers to
achieve the desired balance of properties for
applications requiring high ductility and rigidity.
The technology of modifying the polymer with
reinforcing mineral fiilers wvas superimposed on all
this to achieve the necessary reduction in =0old
shrinkage and dimensional stability for high voiume,
reproducidble fabrication of these consumar product
component s.

The technology of injection molding, in one
shot, a 12 pound complex shape such as a dishwvasher
tud involved characterization or rheological
behavior, understanding and translation {o mold
filling and u major engineering effort in fabrication
equipment and toni design.

Dr. Allan Hay's daric work on oxidative coupling
in 1956 resulted in s nev high tempersture glassy
polymer -~ polyphenylene oxide. Today this bdbasic
chemistry has made possible molded television
cabinets vhich are attractive, resistant %o treakage
and provide fire retardancy for this electrical
enclosure. Along the vay to achieving th.s consumer
product application, the technology of polymer
alloying played a key role in modifying the polymer
eo th‘t it cculd b an injection moldadle plastic -
Roryl®™.
Additives vere developed to facilitatn flow,
enhance toughness and provide oxidative stadility.
Refinement in alloying technology produced the
specific balance of properties required for thin
wvall televisicn cabinets. In addition, in order to
nake this application a commercial reality,
ruanerless injection moldirg techinology wvas exployed
in order to fill the mold in the fast cycles requived
for this high volum? application and to produce
abuse-resistant and esthetically acceptable and
reproducible parts.

Vhen vieved on an historical macro scsle, over
the past 60 years, the application of plastics
technology has moved at a very rapid, slmost
exp: dsive pace. Once pionsered by people like
dr. Mark, the field has been moving as it should
considering that ve have bern very early on the
learrzing curve.

As ve look to the future, wnd on & Micro scale -
the immediate futury, our econamy i3 feced with somw
major and significant challengea. Key driving
forces vhich will impact significastly on consumer
durable goods are:

« A resource limited eavironment - limited

energy., limited materiala, limited capital.

. Iaflation.

. Trends for incressed regulation and a growing

public sector.

+f we are to maintain a high etandard of living
and continue tc have viable consumer products
businesses, technology will be =lgnificantly
challeroed to move more deteramin::'lcally and
faster, if ve are to sset these ob. :tives withowt
significently reducing our quality ¢ life.
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These driving forces have created an urgent
neea for greatly improved productivity, a better
focus for applied science to address these needs and
a better coupling of scientific advances with
engineering application. Plastics technclogy is
certainly a fertile ground for accomplishing this.

We still need crystalline polymers with their
many advantages vhich are not limited by high
shrinkege and varping in large parts. Creative
technology beyond the limited concept of simply
adding fillers is required to see the full potentisl
of this type of polymer realized.

We need filled and reinforced plastics with high
strength/veight ratios that do not lose the
inherently attractive surface finish of the base
polymer.

From & design rievpoint, advances are beginning
and need to be accelerated in the fundamental under-
standing of polymer properties and zov they relate
to engineering performance. Computers have
revolutionized the opportunity to accomplish
comprehensive finite element analyses of complex
shapes and structures. The methods demand accurate
snd relevant property iaputs.

Though there are many challenges in materials
technology to achieve preferred or izproved property
balances, the major impact vill probadly de
achieved through a systems approach vhich Letter
integrates design, material, prouess, equipment and
control « the multiple technologies essential for
viable commercial appiications.

In the consumer products arena vhere high volume,
high quality, lov margins ani value received are the
by=-vords, ve must address fabriuation proccsses in
a more disciplined wvay Lo gencrate the output
required to meet proGuctivity necds.

Computer analyses of polymsr flov into aclds
and of heat transfer 4diring salding are begianing
to emerge. Future applications develogaent may
wvell start with {nteractive graphics for part
design, computer sided design of molds and direct
program.ing of numerically controlled equipment
vhich vill sutomatically machine the molds.

Rev technologies in microprocessors and other
electronics are leading to sophisticoted, on line,
leosed loop controls for improved prucess
efriclency. It is nov almost routine to iave
pressure transducers in solds Lo monitor and/or
Teed Dack cavity pressure for adaptive control o
produce high Juality plastic parts.

Ve face major technizal challenges in plastice
fabrication process sutomstion. Ve have rested
far too long on the laurels of the inMarent
processing sdvantages of pizatice. e now necd to
apply technology to sutomate Lhene procesies and
creativity to develop nev processes wvhich are much
faster and less energy intensive.

As ve look to the future, in fesing these
challenges, it {0 appereat that polymer scictce
aust couple bdetter with other eperging scicnces and
twciniiogles. Solence suat couple more closely
with engincering needs and adove ail engineering
sust be awvare of, relate 1o sad creatively
approach what vill be the futurc waants and necis
of the consumer.
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THE FUTURE OF ENGINEERING PLASTICS

F. N. KELLEY
Institute of Polymer Science
The University of Akron

‘Akron, GChio 44325

ABSTRACT

Forecasts of the wider use of polymers
as engineering materials in structures are
examined in light of trend extrapclations as
well as the constraints imposed by shrinking
supplies of materials, capital and energy. A
favorable projection emerges related to the
opportunities generated by needs for light-
weight materials in transportation and other °
energy-domirated fields. Some major defici-
encles in design know-how on the cptimum use
of plustics and resin-based composites are
descrited, which may produce & large damping
effect on optimistic projections. In addi-
tion, several new developments in polymer
s‘ructures speciflcally designed for processa-
bility and engineering use, including "molecu-
lar composites™, are discussed,

THE GROWT® OF PLASTICS in this century, and
in particular during the past forty years,
has been so phenomenal that our era may in-
deed be viewed as the "Age of Plastica" (1),
Forecasters often extrapolate trend data and
nske projections with questfonable expecta-
tions, whether optiamistic or pessimistic in
character. Figure 1 shows a typical extrapo-
lation for a number of materials in terms of
world production (2). Much of the forecast-
ing litarature concerning plastics and
nlastic-® .sed composite materlals has this
character. In our exaeination of the future
of engineering plastics, we will not project
the rates of growth or decline of plastic
materials consumption {nic the next century
as others have done airesdy (3, é). V¥We will,
however, 1ook to future possibilities, and
iliuminate what might be the key requirements
for advancement or declius in the continued
application ¢f this important materials class,
Restricting ourselvez to engineering plastice
will imply that performance criteria in
engineering design are heavily weighted con-
siderations. with material costs, processing
ease, quali.y contrel and dursbility as addi-
tional important factors.

This paper wili stress what i not well
known rather than enumerate what hss Been
sceomplished. We will focus upon the ceuerg-
ing fragments of a scientific dbesis for

“Numbsra in parentheses designats Referernces
at end of papar.
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Fig. 1. - ¥Worlé production forecasts®

potentially spectacular sdvancements, and
assess the deficiencies which are constrain-
ing transition of knowledge to practice.

TECHNOLOGY FORECASTING

To broadly “iew technology forecasting
for a moment, one may recognize the following
epproaches as iraditional:

*Intuitive - Polling of experts on their
visws,

+Trend Extrapolation - Graphical methods
using historicsl data.

+Trend Correlation Analysis - Examination of

several trends in closely sllied

areas,

Use of examples with documented

trends in fields wshich have

similar charascteristics.

*Logic Trees - A decision path approach which
examines key branch peints for
yes-no possidilities leading to
futyre directions,

*Analogy -

The approach which we will use employs a
combinaticn of features from several of the
above, dut introduces the concept of trend
devistions due t0 imposed constraintz (such
as goverrment regulations) and the positive
influence of other technologies, which are
themsslves experiencing strong growth. 1In
the cne caje, a constraint depresses growth,
while possidble influences by relsted teche-
nologies present opporiunities for accelera-
tion., FTigure 2 ls a schematic representation
of s growth curve which ias influenced by bdboth
negative and positive factors in segquence.

Opportunities for rapid growth and
change in current polymer consumption irends
are provided dy potentially “intersecting
technologies®. The term is mesnt to identify
those important technological aress which are
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Fig. 2. - Schematic growth curve reactions
experiencing rapid growth and change and
which have the likelihood of broadly influ-
encing other trends through advantageous
coupling. An example of such an area ic
microelectronics technology, currently in a
very favorable growth climate which is likely
to continue for some time.

The following listing of various con-
straints and opportunities is suggested for
inspection with regard to their influence on
any trend projections to be made concerning
polymeric materials.

CONSTRAINTS -~ (1) Diminishing petroleum
supplies and their control by international
cartels, This is mainly an energy constraint,
but has some implications for periodic vari-
ances in feedstock supply.

(2) Shortages of capital availadle for
replacement of equipment and facilities as
well as new ventures., This constraint is
strongly linked to the nigh cost of energy.

?3) Government policies and regulatory
laws which add to costs, but do not increase
productivity. Fnvironmental and safety regu-
lations 2s well as product liability judge-
ments i{mpact chemically based technologles as
severely as any in the notion, sdcing to the
risk of new ventures.

{4) Materiasls shortages and foreign
dependence. A specific example would be
¢hromium which is crucfal to the chemiocal
{ndustry through its use in stainless steel,
but which must be obtained from u very few
foreign suppliers, principally South Afriea
and the Soviet Union.

{5) Societal priorities for applications
of fedoral funds. In particular, the allo-
cation of funds for direct human needs euch
as health, education and welfare have modi-
fied funding patterns where engineering
research and technology funding has existed
(e.g., DOD, NASA, NSF).

OPPORTUNITIES - (1) Microelectrcnice
developments in sensing, control, computsiion
and dieplay sre genarating polymer needs snd
sapplications of a direct navure {n the con-
struction of elactronic syatems, as well as
benefittiing polymer technologises which emplny
these functions (e.g., on-line process
controls).

(2) Composite materials employing poly-
sers as the continuous matrix os well us the
dizpersed phase, Advanced fiver-rein’orced
plastic {s an example of o materisl sveing
expanded use as » metsl replacement in air-
sraft, automobiles, and a variety of struc-
tural ngpl!eutionl.

{3) Adhesive bonded structures formed
through low-cost manufacturing processes for
bonding metals, plestics and composites.

(4) Biomedical applications. Some as
structural aids and prostheses, others for
highly specific replacement functions.

(5) Genatic engineering as may be
applied to renewable resources (e.g., in-
creased yield of natural polyisoprene from
guayule plants in southwest U.S. and Mexico).

(6) Computer-aided design and manufac-
turing (CAD/CAM). Air Force and NASA spon-
sored programs are underway in the U.S., but
are small compared with broad nationally
supported efforts in Europe and Japan. The
programs are closely-linked to productivity
and efficiency goals of the sponsoring
nations.

(7) Laser applications to precision
enginecering and manufacturing.

The 1ists above are illustrative and may
be extended; however, the recognition of
parallel trends in other technologies and
their implications should be apparent.

ENGINEERING PLASTICS AND COMPUTERS

While a varfety of exploding technolo-
gies can be considered {mportant with respect
to their possible impacst on fiuture engineer-
ing trends for the application of plastics,
one of the most pervasive is the increased
availability nf devices based on micro-
electronics. The annual increase in elec-
tronic functicns is shown in Figure 3, with
some projections for the future. The last
two decades have brought an ~ra of "compu-
tational pl.nty". The significance of this
enormcus development is that it is character-
ized by miniaturization and cost reduction.
This trend is compatible with th> constraints
listed earlier since the directions are to
use less energy and msterials rather than
more. Socisty approves of microelectronics,
in general, and is likely to promcte growth
rather than restrain it, Electronic
industries are believed to be clean and non-
polluting, and the man on the street has
first-hand knowledge of microelectronic
benefits in his automobile, wristwatch, tele-
vision games and a host of consumer
appliances,

n.
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Fi{g. 3. - Annual uti{lization of electronic
functions worldwide

Favorable coupling of developments in
sensors. control systeas, microcomputers and
large capacity computational networks with
technology in other fieids, such as manu-
facturing, is expected to provide impetus
for growth, as well as {mproved efficiency.
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To apply this clear opportunity to the
advantage of polymer applications we may
examine current deficiencles which might be
filled. A number of studies by various gov-
ernment agencies conducted in the past several
years (5, 6, 7) have pointed out the necessity
of extending the knowledge-base for materials
science and engineering. The need for knowl-
edge is epecifically related to applicstions
where performance !s important, and trade-offs
incorporating other factors such as cost,
safety and producability are considered.
Engineering plastics and resin-matrix compos-
ite materials it the categorization of needs
and opportunities very well.

ENGINEERING OF AND WITH PLASTICS

A principal focus of the discussion which
follows is engineering with plastics, consid-
ering the vast array of current and potentisal
"engineering” plastics available. Those
opportunities which have arisen in the past
to substitute polymers for other materials
for a perceived advantage, and which have
been espezcially disappointing, point up the
gaps in engineerirg know-how,

PROCESSING - There is very little doubdt
that there will be continuation of the trend
to introduce parts made of plastics and resin-
based composite materials in place of metals
in engineering applications. Other papers in
this symposium deal with a number of the
{mportant opportunities more specifically.
The relative ease with which poiymers may be
shaped and tabricated has been an attribute
which has ranked higher, as s motivation for
expanded usgse, than sny other factor. When
applications have not demanded high perform-
ance, it has been quite possible to accept
the properties of the material as they result
from the processing sequence, with little
attention to optimization except for costs and
rapid throughput, In more sophisticated
applications the lack of understanding of
processing effects on the polymer have led to
severe problems in design, quality control,
durability in use, and ultimately coat. More
recently, however, an {mpoertant trend is
developing which recognizes the importance of
polymer processing. not only for optimization
of the materisls processing cyele, but in the
crestion of new materials with unusually gocd
properties,

A major opportunity for the future of
engineering plastics {s preasented by coupling
the advancements {n on-line process control
technology., based on microelectronics, with
ahaping and conversion processes {n both
reavtive and non-reactive syatemra. The defi-
ciencies, at prezent, are not {n the hardware,
but in suffieient underctanding to create the
requisite zoftware. There $s growing use of
ciosed-loep process control systema upetiream
of polymer forming cperations {n the monomer
end polymarizaticn resction cycles, but few
comparable examples may be foynd {n the
subzequent operations,

An impressive example of the integration
of minf-micre computer procesa control with
extrusion machinery is ahown in Figure 4,

An experimental extruder is running at the
Un{versity of Bradford in the U.X. under full
sdaptive control and is being used as the
basis fur development of & commercial system
(8, 9). This advance in process technology
for polymers s important tc the future of

a3

computer p—

polymer

manual Tia |T2e [Tae |Tae

P |

1 woter : drive

manusl jo—dq motor

Fig. 4. - Experimental extruder with full
adaptive control

engineering plastics since ultimately it may
incorporate a control logic based on funda-
mental material-process interrelationships.
Each step in the sequence, including the final
product output, with the effects of processing
history understood and monitored, could be
controlled if there were a scientific baeils
available., Shaping of crack-resistant plastic
cups or pottles utilizing a knowledge of
favorable flow orientation is an example of a
nen-reactive, amorphous polymer sequence. More
{11y ordered and perhaps semicrystalline
rolymers, vwidely used in consumer items, rely
to various extents on the development of an
optimum morphology. Perhaps the most chal-
lenging area for the development of new basic
know.edge concerns reactive processing, which
exhibits a 2ontinuously changing molecular
and, possibly, morphological structure during
the process cycle, Thermosetiing resins used
a8 matrix materials i{n fiber-reinforced
composites and high performance strictural
adhesives are examples of important applica-
tione where processing effects are poorly
understood.

STRUCTURAL MECHANICS - As plastics Invade
the territory of other materials, most notadly
metals, the need for design data as well as
deslgn methodologies becomes more spparent,
Many of the projections of accelerated use of
engineering plastics, including advanced
composites, [ail to take account of the luck
of confidence which existu In using these
materials In eritical components. The truin-
ing of douign engineers {a severely limited
i{in the application of polymeric zsterials,
and each time & new design {ncorporates their
use, the potential for initial fajlure {s
high. Through the yeares, the frequency of
disappointment with plaastic materials has led
to unwarranted conaervatism and misieading
{nformation regarding engineering rlastics,
Occasfonail fallures have not been the fault
2f the mnterial, as such, dbut of the deaign,
in whiclh designers have attiempted to use
methods based on experience with metal struye-
tures, ¥While there §s a growing body of
kncwledge In polymer mechanice, providing
stresa, deformation and fracture laws, the
transition of this knowledge to the dcsigner's
desk 12 strongly inhibited., Since engineering
plastics, used In bulk form or reinforced,
exhidbit complex behaviors fncluding time-
dependence, anisotropy. and non-linear
response, the mathematical teels required
are more advanced than those normally used
in the dealgn community,.

Once again., an opportunity exists through
large capacity, high-speed computationel

equipment which {s growing in numbers and
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availability. Efficient finite element and
finite difference programs are being evolved
which may accept complicated matorial des-
criptions applied to structural analysis.
Through large-scale integration of micro-
electronic functions, entire design manuals
and catalogs of information may be incorp-
orated into a single plug-in module attached
to a desk calculator. In principle, a design
engineer may operate advanced programs with
little requirement for detailed understanding
of their composition, if the necessary input
information is available and limitations of
application are followed strictly.

A recent example of an unusual applica-
tion of advanced engineering plastics may be
found in a program by the Charles Stark
Draper Laboratories (10) to produce a low
cost molded inertial guidance gyro. The
plastic precision molded parts are expected
to bring the unit price down to the range
acceptable for commercial small aircraft,
boate and farm machinery. Tolerances are
extremely critical and long-term creep is
a critical design fasctor, Reinforced poly-

nhenylene sulfide is the current material of
choice, but the major uncertainties lie in
the materialz characterization for both
process control and sgngineering design.
Figure 5 shows the overall design and Figure
6 1s a photo of the various molded plastic
parts.

Finite element modeling of the

Fig. 5. - Draper Laboratory iow cost
precision molded gyro
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rig. 6. - Precision molded gyro parts
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structure in i1ts dynamic and static opera-
tional modes 1s being undertaken recognizing
existing uncertainties. Figure 7 illustrates a
3-D finite element representation of part of
the gyro structure,.

Fig.

7. « 3-D finite element model for
Gimbal and float package

MACROMOLECULAR ENGINEERING - Polymer
synthetic methods are becoming quite sdvanced
in thelir capability to "engineer" the molecu-
lar structure to produce dbackdbone sequences
from various monomers, chain branching.,
blocks, grafts, length distributions and
functionaslisation, To some extent synthetic
chezistry has outstripped our ability tc use
its products. This situation is basically
true in tho commodity polymer market, where
the polyethylenes, PVC, ABS, polystyrene,
polypropylene, etc., are firmly established.
In the categories of enyireering and specialty
polymers quite tho opposite is the case.
Polymer structures may be manipulsted at the
molecular, supermolecular and microphase
levels to produce rheological behavior "tuncd"
to the most convenient processing cycles, and
mechanical properties optimized for specific
design applications.

As ftructure-property relationships
become refined with relisdble mathematical
descriptions, the possidility exists for
incorporating them in a format for acecession
and display in an intersctive computer
graphics system. Molecular structures may be
designed on the cathode ray tube, their flow
characteristics, fundamental parameters (such
ai giass transition te:persture’ and bulk
properties estimated. Optimisation of strue-
ture may be sccomplished before synthesis is
sctuslly attemnted in the ladoratory. Effi-
cient synthetic sequeances and optione may de
selected as well. Many of these possibilities
exist todsy, in principle, with hardware and
some software available. However, systematic
exanination of relationships available for
first-order effects has not been done nor has
information been transposed to e unifying
format which ~ould sllow this step. In addi-
tion to molecular design, compositional design
for blends, composiies and laminstes will
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become automated procedures as the knowledge
gained from fundamental studies is vaiidated.
This is not to say that computerized data
banks and empirical correlations are not bdeing
evolved today. There are several examples of
such efforts. A corollary in the metallurg-
ical community is computerized alloy design,
which is making significant strides in recent
years.

NEW CONCEPTS FOR ENGINEERING POLYMERS -
Unified approaches which blend a detailed
knowledge of macromolecular design with syn-
thetic methods to achieve new materials having
advantages in processing and properties repre-
sent the forerunners of engineering plastics
for the tfuture. While it is not the purpose
of this psper to catalog the many new and
interesting advances in engineering polymers,
two recent examples will be described for
illustration.

Intramolecular cycloaddition reactions
(IMC) have been proposed as a route to pro-
ducing rigidized structures in initially fluid
polymers, without cross-linking. Since reac-
tions occur between adjacent functional groups
on each po}yner chain backbone, the process
is not dependent on chain diffusioa and flow.
Polymers produced are linear, and the use
temperature is not dependent on the cure
temperature, as is true in thermosetting,
3.dimeneionsl network polymers, such as
epoxies. A schematic diagram of the IMC con-
cept is shown in Figure 8. The method has

QA = OO

Tgs15'c }

19306

Fig. 8. - Intramolecular cycloaddition
cure concept

teen demcnstrated for high temperature aro-
satic heterocyelic polymers with the adjacent
reactive specles deing acetylenic struciures
(10). Reaction temperatures around 2{%°C were
required and the glacs trunsition temperature
of the product was in excess of 3635°C, Other
resctions such s enyne cyclization are being
explored for lower temperature curing cycles
(12). There are distinct benefits to s
structursl resin which may be processed st
moderate temparatures and retain its stiff-
ness et much higher temperatures. The
potentisl to provide thermosetting polymer

properties, with some of the thermoplastic
processing characteristics, can have wide

implications in composites and adhesively

bonded structures,

A second example, which is particularly
attractive in 1ts potential, is the true
molecular composite, Rigid rod polymers dis-
persed in a chemically similar flexible
polymer matrix provide an analog, at the
molecular level, to short-fiber reinforced
composites. Preliminary work has demcn-
strated the feasibility of these materials
using a variety of para-catenated aromatic
heterocyclic polymers (13). Unusually good
film properties have been obtained from
solvent stretched or water precipitated
blends having 10% rod molecule concentrations.
The following table shows the mechanical
properties and composition of the combination
PDIAB (poly p-phenylene diimidazobenzene) rod
and AB-PBI(polybenzimidazole) matrix.
Scanning electron micrographs of the matrix

AB-PBI PDIAB MOLECULAR COMPOSITE

Wt. ¥ Modulus Tensile % Strain
Rod (GPa) Strength
(GPa) (MPs )
0 1.6 128 118
10 10 316 14
(solvent
stretched)

alone and the resultant composite are shown
in Figure 9 for comparison. The structure of

MATRIX COoOMPOSITE

Fig. 9. - AB-PBI/PDIAB molecular
compcaite
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F the blend clearly contains small ellipsoidal
domains consisting of a composition of high
rod concentration with a secondary dispers-
ion in the unblended matrix. While much
optimization of structure and processing
methods remains to be done, this attempt to
generate a remarkable new material from
molecular design concepta stands as an
example of the many untapped possibilities
remaining for the future.
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NEW HORIZONS FOR CELLULOSICS

H. L. Hergert
ITT Rayonier Inc.
Stamford, Connecticut 06904

ABSTRACT

Although the study of the chemical nature
of cellulose initiated the field of polymer
science, and cellulose is the world's most
abundant polymer, its use for production of
man-made fibers, films and plastics declined
until the late 1970's. There is now a resur-
gence of interest in this polymer as a sub-
stitute for oil-based products. Recent com-
mer¢ial fiber developments have centered on
high wet modulus rayons with crimp or modi-
fied cross-sections to improve textile
opacity and "hand,"” hollow rayon fibers for
dialysis applications, and absorptive rayons
modified by grafting or incorporation of
carboxyl-containing polymers. Anisotropic
solution properties offer future promise of
improved strength properties of cellulose
derivatives. New solvent systems are being
studied to provide totally enclosed systems
for regenerating cellulose without the efflu-
ent or emission problems experienced in the
viscose Or cuprammoniym Processes. The dis-
covery af gtoichiometric esterification sys-
tems could lead to expanded production of
cellulose-based thsrmoplastics.

APPROXIMATELY SIXTY YEAR3 AGO, an infant sci-
ence, high polymers, was in the process of
being born. It arose out of the necessity to
assist in the development of the growing man-
made fibers and plastics industry of the
early 1920's., Practical methods had been
found to chemically convert cotton linters
into filament rayon, cellulore acetate, cel-
lophane and celluloid. Properties of these
products needed improvement and a science

vas needed for guidance. Dr. Herman Nark,
whom we are honoring today, helped usher in
this new science by his tasic investigations
on the polymeric nature of cellulose.

The near explosive growth of the man-
made synthetic fibar induatry in the United
States and Western Burope during the past
decade tends to obrcure the fact that almost
two-thirds of worldwide textile production
still depends upon cellulose in the form of
cotton, rayon and cellulose ~cetate (Table 1).
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Table 1

World Fiber Production, 1978
(millions of metric tons)

U.S.A. wWorld
Cotton 2.4 13
Rayon and acetate 0.4 3.5
Sy ithetics 3.5 10.4

Source: Textile Economics Bureau
Examination of tiber production data for the
past thirty years does not suggest much
actual displacement of cellulosics by syn~
thetics. What it does show is that much of
the overall growth in western textile murkets
was achieved by the synthetics while growth
in the use of cellulosics has been modest.

Barring world catastrophe, population
will continue to expand--especially in the
developing nations. How will the textiie
needs be met of the fouxr billions of new
people who will be added to our planet during
the next twenty-five years? At current
levels of textile consumption, admittedly low
in many parts of the world (Table 11),

Table 11

Estimated Per Capita Consumption
of Textile Pibers

1979

United Status 20 %g.
All Developed Countries 19 Kg.
Third World Nations 2 Kg.
wWhole World 7 Kg.

an additional 25 million metric tons of
annual fiber production will be needed by the
end of this century. Can (or should) this
new production be met by oil-based synthetics?
The current escalation in price of chemical
feedstocks (Fig. 1) suggests real future
problems with this approach. To supply this
future mazket with cotton would require
tripling of the existing cotton-growing land
base. This also seems unlikely in the face
of competition for the same land base to pro-
vide the food that will be needed by the
increased population. MNan-made cellulosic
fibers remain as a possidble alternative for
se:ious consideration (1,2)*. In this paper
we wish to show that there is a more than
adequate, long term raw material base for
cellulosic tibors and plastics, there are
interesting new productc appearing on the
market, and, finally, new technology is

being developed that promises environmen-
tally sound, cost-effective processes for
converting cellulose into new types of fibers.

YWumbers in patenthases designate References
at end of papw .
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AVAILABILITY OF CELLULOSE'

Almost all of the viscose rayon and a
substantial part of cellulose acetate produc-
tion throughout the world is now based on a
purified form of wood pulp termed "chemical
cellulose” or “dissolving pulp.” The pro-
cesses for manufacturing dissolving pulp are
basically the same as those used for produc-
ing paper pulp except additional purification
stages have been added to remove hemicellu-
loses such as xylan and mannan which would
otherwise be present in paper pulp. In the
case of the kraft process, this is achieved
by pretreatment of wood chips with steam,
water or dilute acid solutions at 160-175°C.
prior to the alkaline pulping stage, {.e.
prehydrolysis-kraft (3). No pretreatment is
used in the acid bisulfite process, but a
pressure, alkaline stage is inserted between
the bleach stages. The latter removes hemi-
celluloges through conversion to isosaccha-
rinic acids. An ambient sodium hydroxide
extraction msy also be used in either the acid
bisulfite or prehydrolysis kraft process to
produce wood pulp with 98.5% or hijher celln-
lose content for the most demanding end uses
such as acetate plastics or high tenacity
rayon,

Corporate and government strategists con-
cerned with future supplies of raw materials
have tended to have different views of the
future depending upon their biases. One
view {(4) of the dissolving pulp industry and
its capability to supply increased amounts of
product to substitute for oil-based fibers and
plastics is that “capital costs are hich, pol-
lution control is costly, the raw material,
cellulore, is in short supply......." The
implicarion is a lack of commitment to meet
environaental goals or provide adequate sup-
plies of cellulose. This, of course, is con-
trary to fact. The dissolving pulp industry,
at least in the United States, has developed
technology to meet current federal standards.
All sulfite and prehydrolysis-kraft mills have
recovery systems to capture pulping effluent
and secondary treatment systems to reduce
B.0.D. to acceptable levels. Self-sufficiency
in energy is being attained. The largest dis-
solving pulp mill in the United States obtains
78% of its energy from combustion of pulping
waste and wood and bark residues. World
capacity of this industry (6 million metric
tons) is adequate to meet existing demands,

If dissolving pulp demand were to grow greatly
through establishment of new cellulosic fiber
and plastics markets and there was appropriate
economic incentive, some part of the world's
existing 148 million metric ton paper pulp
production capccitg could be modified to pro-
duce dissolving pulp.

A second problem that continues to bother
some futurists is whether there is adequate
wood or related materials to base our future
economy On renevable raw materials (S).

Recent studies carried out for the National
Academy of Sciences and the National Resgearch
Council by the Committze on Renewvable
Resources for Industrial Materials (CORRIM}
showed that there is substantial material for
further expansion of the pulp and paper indus-
try through whole-tree utilization, increased
fiber recycle, etc. (6). Beyond this, we have
not even begun to tap the cellulose resource
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present in the millions of tons of agricul-
ture and forest residuss still wasted each
year. In the United States slone. sufficient
cellulose could be produced each year from
this source to supply all the needs of the
world's textile and plastics industry
(assuming availability of appropriate tech-
nology) {f tertilis and plastics were to be
based only on celluvlose! Coaservative esti-
mates (7,8) indicate the snnual generation of
$S0 million metric tons of collectible agri-
cultural and fotest residves., If this mate-
tial was to be "pulped” and combined with the
cellvlose prement in the waste paper and
boazd not currently used or recyuvled, 270 wmil-
lion metric tons of ceilulose could be made
available {calculation based on 45% cellulose
in agricultural residues and 55% in waste
paper/paperboard mixtures).

Going beyond this. there is an immense
worldwide cellulose potential through inten-
sive forestry (9). Produztir, from the one
billion hectares of forerts in EBurope, North
America, Japan and the U.5.58.R. could be
increased to 6 billion tons of dry maiss, i.e.
2.% billion tons of cellulcse, through the
application of intensive forestry, genetics
and substitution with faster growing speciea.
Third World forests (2 billion hectares) cur-
rently produce 650 million tons of dry mass
at an efficiency that is only 5% of their
potential, i.e. 1) billion tons of dry mass
annually. Looking at the world as a whole,
the total land suitable for forest growth
(4 billion hectares) is potentially capable
of producing 80 billion tons of dry biomass
annually. This amount of material is 4 to 8

times the fue:. equivalent of all the world's
oil, gas and coal soutces of enecgy.

Based
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on these considerations, it should be apparent
that neither production facilities nor raw
material availability are barriers to

expanded future use of cellulose for fibers
and plastics.

CURRENT PRODUCTS AND TECHNOLOGY

While the viscose process for producing
tayon is very old, it has been updated to
meet environmental requirements. Effluent
streams containing by-product sodium sulfate
are evaporated to yield detergent-grade salt
cake, zinc salts are recovered by basic pre-
cipitation or ion exchange for recycle in the
process, Carbon disulfide is captured by
condenzation and the use of absorption towers
for reuse. 0il independence is being
achieved by substitution of coal-fired
boilers. Sodium hydroxide and sulfuric acid
usage has been reduced through the develcp-
ment of viscose compositions that are
"leaner," i.e. contain a lower ratio of
sodium hydroxide to celluiose. These achieve-
ments have been gained through modifications
to existing plants.

Installation of rewly designed equip-
ment in a greenfield viscose installation
permits a different approach (10). The new
Maurer spinning machine has multiple acid and
zinc washing troughe for the rayon tow with
intermediacry squeezing and flushing. A zinc
free tow 18 delivered to the staple fiber
cutter and 2 high zinc concentrated waste
acid wash water to the spin bath circuit,
thus making a separate zinc recovery unit
unnecessary. Most of the carbon disulfide
and hydrogjen sulifide are captured in two pro-
cess streass, one by direct condensation
from degassing of the spin bath and the other
by activated carbon treatment of exhaust
gases from the stretching troughs and the
first part of tha washing machine,

Labor efficiencies have been cbtained
through use of modernized xanthation and vis-
cose filtration mquipment. The new Wonjin
rayon staple fiber plant at Kyungi-do, Korea,
for example, uses a continuous belt xanthator
(CBX) unit designed by Chemtex, Maurer has a
ccasinuous xanthator based on a screw-extru-
sion principle which is reported to be working
well in commercial practice but is more expen-
sive than new, large (2000 Kg.) batch churns.
Continuous filtration systems reduce waste
through recycle of gels, particles, etc.
These are principally of two types, screen
with scrappers (Viscoma: ) and par*icle beds
(Furda, ChemMap).

Rayon product development has recently
noved along two lines: wmodification of staple
fibers for improved blends with synthetics(ll)
and development of highly absorbent products
for hygienic and disposadble end uses. The
resurgence of interest in rayon and the
impetus for bringing new types of rayon into
the mazketplace has been commented on in a
variety of quarters ()1-18). The moot impor-
tant reasons seem to be (a) the spiraling
costs of naphtha and aromatics used in the
manufacture of dimethylterphthalate for the
competitive fiber, polyester, (b) environ-
mental problems and escalating cost of cotton,
and (C) promotion coupled with the new rayon
product development. A whole new family of

third generation rayons acte now being macket 4

to replace or supplement cotton in blends.
This has been done by chemically crimping

high wet modulus rayons through changes in

the spin bath and stretch chemistry. Examples
of these products are Avril I1 (Avtex),
Hochmodule 333 (Lenzing) and Prima (ITT
Rayonier Inc.). A polynosic fiber with micro
crimp, Fiber C~311, has recently been test
marketed in Japan (19). Other approaches are
to change the external cross-section of the
fiber to a "Y" shape for maximum light re-
fraction (Avril 1II), or to produce a hollow
rayon fiber simulating the cross-section of
cotton, such as Courtaulds' Viloft (19).
Regular rayons are also deing modified to
participate in the cotton blend market. An
example of this is Kanebo's Lon-Bell Type

H-L which has a change in tenacity and elonga-
tion to match that of cotton (20).

Applications in the nonwoven sector have
been directed toward fibers with improved
water absorbency. Courtaulds has recently
introduced S.1.Fibre, a very high surface
area product (15) for the tampon market which
is probably an extension of Viloft technol-
ogy. Other rayon producers, such as American
Enka and Avtex, produce "alloy" rayons which
are produced by addition of hydrophilic poly-
mers to the spin dope. These polymers then
become an integral part of the fiber.
Although neither corporation has identified
the precise materials being used, suitable
polymers are partially carboxymethylated cel-
lulose, polyacrylic acid and polyvinyl-
pyrrolicone (22-23). While the primary
application cf alloy rayon fibers appears to
be in feminine hygiene products, disposable
wipes, etc., they may have fututre applica-
tions in textile blends. A more absorbent
rayon should perwmit differing ratios of cel-
lulosic to polyester or nylon than reqular
rayon,

Over the years there hes been a substan-
tial amount of research on chemical or radia-
tich grafting of synthetic polymers to cellu-
lose. Rayon graft copolymers have been pro-
duced by xanthation of grafted wood pulp,
redox grafting of cellulose xanthate or
geafting of rayon (14). The only product to
reach tre marketplace thus far is a graft co-
polymer of rayon and polyacrylonitrile pro-
duced in the Soviet Union under the name
Mtylon. Much work has been devoted to stud-
ics of cross-linking in crder to obtain bet-
ter permanent press properties of cellulosic
textile f(ibers. This work is now being
directed to finding materials which do not
contain formaldi:hyde. The latter shows a
teratogenic response so it is likely to have
severe limitations on its use in the work-
place or in products.

Cellulose diacetate has been made for
many years. Use :n textiles was gradually
displaced by synthetics, but large volumes
continued to be produced for cigarette fil-
ters woridwide. Cellulose triacetate has
been used in » variety of applications such
as warp and circular knits, satin, terry.
creped constructions and velvets. The recent
fashion shi't to the “disco” look and softer,
more flowing clothes for women (11) has sig-
nificantly increased demand ‘for diacerate and
triacetate in the United C.ates. Various
tesearch studies have shown methods for re-
ducing acotate's elongation, improvement im




tenacity, etc., but current interest in the
fiber seems to be a consequence of its sheen
and softness., One of the most interesting
developments with regard to acetate does not
relate to product changes but to manufactur-
ing conditions. Earlier this year, Eastman
Kodak announced (24) its intention to build

a plant for making acetic anhydride from coai.
Upon completion this process would completely
divorce the cellulose acetate process from
oil dependence.

While ot a tonnage business and cer-
tainly not well publicized, there is another
rayon/acetate "fiber" development that has
great importance from a public welfare stand-
point, e.g. hollow fibers for kidney dialy-
sis. Most of the medical equipment used for
this purpose is based on fine hollow cellu-
losic fibers extruded from cuprammonium soclu-
tion by companies such as Enka A.G. (West
Germany) and Asahi (Japan). Similar fibers
can be made by the viscose process (25) but
they generaily contain minute quantities of
zinc and sulfur compounds which can cause
problems with blood chemistry. This field is
particularly exciting because of the poten-
tial application of blood dialysis to sickle
cell therapy and remission of schizophrenic
mental problems. A much larger volume usage
of hollow fine fibers is for water purifica-
tion, In this instance, extruded cellulose
acetate (26-27) or (experimentally) mixed
ester carbamatee (28) are usable. Cellulose
esters are also formed into reiesrse osmosis
or ultrafiltration membranes by evaporation
of the solvent from a solution of an appro-
priate ester.

FUTURE PROCBSSES

The primary disadvantage of rayon as
mads by the viscose process is the relatively
high production cost, a little more than
twice that of the cellulose starting material.
Extrusiun cpeeds ate slow compared to melt-
spun aynthetics or dry-spun fibers, and
capital costs cf a new plant are significant-
1y higher then a polyester fiber from flake
plant. 1In spite of the improvesents notad in
preceding pacagraphs, consumption ¢f sodium
hydroxide, sulfuric acid, carbon disulfide
and zinc salts is inherent to the process.

We have boen mairti’‘ning (29-32) that it is
imperative to devalup 3 new, non-viscose sys-~
tea for producing regenerated celluiose fibers.
Regsearch on non-agueous systems has now been
initiated in a number of university and corpo-
rate laboratorias. MNrjor systems investigated
to date are (&) dimet’yl formamide-nitrogen
tetroxide, (b) dimetiy]l sulfoxide-paraformal-
dehyde, (c) N-ethylpyridinium chloricemelt or
LA DMP, (@) hyc 'azine, (@) N-methylsorpholine
N-oxide, and, xst recentiy, (f) liquid
ammonia-amatnine ‘hiocyanate (133).

One or muze ¢. the above systems, par-
ticularly the cyclic amine oxides, show
especially strong promise with continuved
resaarch and devel nt. American Bnka has
proceednd to the pilot phase of their Newcell
process and will make a decision in 193] on
going commercial (1%). Although Enka has not
described their process publicly, recent Enka
patents suggest that it is based on a high
solids solution in an amine oxide. There is
N0 repocted reaction between an amine oxide

and cellulcse, 30 it should be possible to
effect total r-:cycle of the soivent with
relative ease. ITT Rayonier has indicated
that it also has a proprietary system (dif-
ferent from those listed above) that it is
currently studying (12).

Three years agc in a Piber Society sym-
posium (which incidentally contained a pre-
sentation by Dr. Mark on super high tenacity
fibers), the author presented a lecture in
which he noted that it should be possible to
use molecularly ordered solutions to produce
extremely strong cellulosic fibers. This
same theme has more recently been reiterated
by Braham Norwich (34). He states, "If we
could do with cellulose what has been done to
produce Kevlar, the textile market would
really be revolutionized. So could tire
cord.” 1he net result has been a flurry of
activity in university and, hopefully, though
they have remained quiet so far, industry
laboratories. “"he first symposium on liquid
crystal formation in cellulose derivatives
was held at the spring National Meeting of
the American Chemical Society in Houston on
March 24, 1980. Presentations ranged from
Lr. Paul Plory's discurision of his theory of
nenmatic phases in syst:ms of rigid chain
molecules to the coamercial implications of
anfvotropic celluiose ether and ester solu-
tions by Dr. A. B. Auerbach. Much erthusiasm
for thir, newest of high polymer investigative
fieldr was expressed by attendees. Perhaps
anisotropic spinning will help us to redress
the fact that for all too many years we have
been taking individual tibers from wood with
a native tenacity of 25-30 g./den. and going
through an extensive set of chemical steps
to produce textile fibers which have a
strength of 4-3 g./den. at best.

Along with the new surge of interest in
cellulose zolvents and anisotropy, it should
be pointed out that there is still another
area of research that needs reviving. 1 refer
to methods for preparation of cellulose esters
and ethers using stoichiometric gquantities of
reagents. The basic methods for preparing
celiulose acetate have not really changed for
almost thirty years. Less expensive prepara-
tion methods would surely opsn up new markets,
especially in thermoplastic applications.

The same may be said for propyl cellulose
which has fiber-forming potential by itself or
in blends with synthetic polymers. The cel-
lulose propyl and hydroxpropyl ethers, in
particular, form liquid crystal systoms Quite
readily, but current msnufacturing procedures
are relatively expensive bécause of by-product
formation, non-homogeneous reactions, etc.

conCLusion

After a hiatus of more than twepty years
there is nov a new resurgence of interest in
cellulose teachnology. There are ismense
amounts of raw material, perpetually renewed
through the encryy of the sun, provided we
act as a good husbandman of this resource.
New processing techniques have been found,
but a signficant expansion of research and
development effort will surely be needed if
we are to effectively convert nature's most
abundant polymer to the [ibers, tilms and
plastics that we will nved in the future.
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MODIFICATION OF FIBERS BY RADIATION GRAFTING

Vivian T, Stannett
Graduate School and Departaen: of
Chemical Engineering
North Carolina State University
Raleigh, North Carolina 27650

ABSTRACT

The use of high energy radiation to ef{ect the
grafting of vinyl polymers to a polymeric backbone vas
one of the earliest applications of radiation to be ax-
plored. Grafting to textile fibers to impart useful or
improved properties was emphasized from the beginning.
Many of the ideas and approaches which are in vogue
today vere slresdy investigated {n the late nineteen
fifties.

Both surface and bulk properties of the fibers can
be modified by radiation grafting. Surfece improvements
vhich can be imparted by gratting taclude abrasion,
anti-static properties, wettadility and adhesiom, wacer
tepellancy sud crease vesistsnce. Julk properties, or
deeper "ring” grafting cen impart grester wnter sorp-
tion, flame vetardancy and changes in the mechanical
behaviour. The high order (orientstion, crystallinity)
of textile fibers make {t move difficuit to {mpart dulk
property o8, Methods to overzome this problem
:"{Hh can 1 te super-uater absorbency and elasticicy

be described. In edditi methods of localisi
the ;n!t::: will be dnenuzf R

RADIATION GRAFTING pey §¢ oppears to have begun

i carnest about the middle of 19%4. Nesrobian and
Ballantine at The Polytechaic Institute of Brooklyn and
Brookhaven Nationa]l Laboratory carried cut esome esrly,
lorgely uapublished, work. M. Magat snd Chapire in
Pavis 2leo did important piomeering worl in the fleld.
Beither of chase two groups hovever appeared to have
applied the tochnique (a8 amy datet] to fibers. This wee
left to B. K. Nagat (8 cousin of the late Professor M.
Magat) and David Teamer of the ™:Pant Co. who carried
oyt extensive vork mainly using '.:¢ Genmeral Blectric
Company’s sewly deviloped rescnsace tranaformer elec-
trox sccelerator. Their work wes highly !meginative
and extensive »ad largely spplied to the modification
ol tentile Cidbove by vediation graflting. Thelir work is
described {a wn extonnive U.5. Petent (1) which fsoved
tn 19¢5. This paten: containe 56 examples, 48 of which
conzeras (abrice aud fibers, 2 (ibride and & with g
tentile opplications. This petent (s & classic in the
conrtext of this presamtation and should be studied by
all intovested in the flelé. It Lo sppropriate ot this
poini to §uote verbatis {roa the peteat.

“Tha process of the present !{avention is veluable
in creating both surface and bulk eifects uwpon shaprd
articles produced from synthetic orgamic condensatien
polynera. It may be eaployed wpon tentiles te affect
softaess, Tesilionce, tendency to shrimk, static pro-
poasity, vesistemce to heleoelting, pillisg, Wydro-
philicity, vickability ond the like. It (o wseful ia
changing such properties as temscity, eloagatien, modu-
lus, creep, complisnce redio, vork recovery, temsile
recovery, decay of stross, wet properties, high-temper-
ature preperties, abrasion aad wear resistasce, moisture
regaia, flex life, bydvolytic stability, hrat-setting

properties, boil-off shrinkage, dry-cleaning proper-
tius, heat stability, light durability, zero strength
temperature, melting point, soilability, ease of soil
removal, laundering properties, wash-wear properties,
liveliness, crease resistance, crease recovery, tor-
sional properties, hystercais properties, fiber fric-
tion, dyeability (depth, rate, permanence and uni-
formity), printability, washfastness of dyes or finish-
ing treatments (resins, ultraviolet absorbers, etc.),
handle and drape properties (stiffening or softeaing),
heat-yellowing, snag resistance, alasticity, demsity,
case in textile processadility, solubility (insolu-
bilization or {ncrease in solubility), bleachadbility,
surface reactivity, delustering action, drying proper-
ties, fabric life, crimpability, stretchability,fsbdric
stabilization, cowpressional resilience (rugs),thermsl
and electrical conductivity, transpavency, light traas-
mittence, air and water permeability, fadbric comfort,
felting, ion exchange properti:s, ,ermicidal proper-
ties, adhesion, overall appsarsnce and combinations of
these as well as others,”

1t is clear that most of the ideas still being
worked on were perceived in those, comparatively
early, dave. Unfortunately it was shead of its time
snd the tremendous resurgance of interest and indus-
srial use of rediation processiag vhich has taken
place since about 1978 h2e not in genaral involved the
textile industry. Between the early days of the Dulemt
wvork and the preseni day, there has been considerable
resesrch interest but except for the Deering Miliiken
announcement in 1966 of a successful quasi-grafting
process for imparting permanent press and soil releass
to polyester snd cotton and their blends there has
been only limited success. This process has apparent-
ly now been discontinued and to the knowledge of the
suthor no other commercial textile grafting process
1s being prectised. There has been considerabdle activ-
ity both {ndustrially, e.g., Bixdy Internationsl and
acadenicelly,s.5., W. X. Walsh, X.C. State University,
on the use of radiastion to cuve 1002 resctive adhesive
ond costing compositions.

The ressons for the lack of say resl industrisl
application of redistion grafting techniques is not
reslly clear. Presoumably the modifications imstroduced
by rediation grafting are not, wp to this time, suffi-
ciently attractive to justify the attendsat esconomic
considerations. It (s hoped in this paper to preseat
some of the aspects and sdventages of radiatiom grafe-
ing to fibers tu:, t.rpefully, vekindle fnterest in this
{uportant aves of rcac.veh and development.

LOCATION OF T~ CUAPTING IN THE FIBER--It wes
reccgnizsed from th: eaiiivet doys of radistion graft-
ing to fibers that it wvould be importamt to locate the
graft copolymer oz the surfaces or ia the Mulk accord-
ing to the application. 1¢ oaly surface changes are
roquired {t would be poor comemics to graft through-
out the 7iber, in addition dulk grefting could, ia
principle, disturd other desireble properties of the
fider (toell. In the case of sulk graftiag it te sleo
possible to leave the surface wagrefted 1f the eorigi-
aal fider surface needs preserviag.

Radiation grafting lends {teelf well te chamging
the lucetion of the reaction. Variables im the re-
sction conditions sre ersily controlled. The acmener
con be sllowwd to penetrete the whele fiber ar emly
given brief comtact with the fider befere irvadiating.
These twe approaches weuld tead te give bulk ov our-
{ace grafting respectively. In the forwer case {f the
irrediastion is carvied out in air or im the presence
of & bulky Lahiditer ({n oelution surtace graftiang cae
be esoantially eliminated. The degree of owelling alee
will affect the locstion if . geed swelling agent (s
tacorpevated vith the nenemer n)t grafting is highly
favered. 11 the swelling is weag - the surfaces only
will be grafted. If the sonemer 19 iteclf a pood
swelliing ageat it night be necersary to 2dd & non-
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solvent. The swelling method applies equally to both
the direct and pre-irradiation techniques. Two exam-
ples of choice of location are illustrative.

Walsh and covorkers (2) grafted ethyl acrylate to
cotton fabric to impart abresion resistance. One tech-
nique involved padding the monomer in methanol solu-
tion onto the fabric which had previously been icra-
diated in air. This method clearly sllows the monomer
to penetrate inside the cotton fibers. In a second
method the fabric was irradiated in ethyl acrylate
vapor, here vary little penetration of the monomer
could occur. The sbresion resistance of the grefted
fabrics clearly {liustrated the differences between
the two methods. The vapor phase surfece grafting re-
sulted in an improvement of four fold in abresion re-
sistance vhereas the bulk grafting actually decreased
the sbrasion resistance by 50%. Both results were at ¢
grafting level of 201 based on the weight of the cotton
fabric.

The author and lL.s collesgues (3, 4) have conduct-
ed somevhat similer scuai~s on the grafting of flame
retardant monomers to polyester {iders. Bulk grafting
was accomplished by preswelling the pclyutor fidbers
{n ethylene dichloride solution at 70°C for 0.5 hours
thon in a solution of the flame retardant monomer for
2 hours followed by {rradistion. Surface grafting was
sccomplished by {mmersing the fibers in the monomer
solution snd irradieting immediately. The locetion of
the graft copolymer wes shown by the use of an X-ray
microprobe tachnique (3,4,4). The flame reterdancy
was estimated using oxygen index (Ol) meesurements,
The results are presented in Table 1.

Table 1. Effect Location of Grefting on the
Flane Retardancy of Polyester Fibers

S %ﬁf u.um !m

0 (Comtrol)
Vinyl b omide ll.l 16.3 23.5 !6 )
Diethyl sinyl 1.0 16.0 i) 2.6
Fhosphonate

1t can be geen that, in coarrast to the sprasion re-
sistance bulk grafting is clearly superior to surface
srafting as far as (lame retardancy (s concerned. An
interesting side eftoct of the bulk grafeing wes the
increase in the clongation of the polyester fiders
even vith anzll amounts of grafeing. For example, omly
2.9 of vinyl bromide (ncreased the e¢lomgation by 2.4
times 0 921, this vas accompanied by a smsll {ncrease
in Lae temacity.

TRERMAL PROPERTIRS--Changes ia the therms)l prop-
erties of (idevrs com be introduced by rediation graft-
iag. J.C.Avthur and his covorkers(6,7) as pert of their
detailed ond piomeering work on the sndification of
cotton with radiation, studied styreme grafts. The
grefted styrenc was found to be mainly loceted withia
the growth layers of the cotton. The samples vere
found to be thermoplastic with s marked decrcase ia
stiffuess at abowt 100°C, the glass temperaturc of Holy-
styrene. With )AL graft baded om the weight of mu-
the losd at 11 clongation actuslly incressed ot 21
trom 12 pne. for th~ uat.eated to 24 pae. AL 100°C the
uattraated had a 10o¢ of 14 gue. vhereas tis grafted
sample had dropped frem 24 to 9 gms. Fobrics of such
nataria) should certaialy de of iatervst for esome
practical applications.

1s ¢ very interesting paper by L, L. Naga< amd co-
worder? (8) & vomeuhat different tempervsture effect
wos achioved by grafting. Acrylic acid and maleic acid
were crefted to aylem 6-6 fiders. The melting poimts
ond Xevay crystallinities were similar to these of the
originel aylen. Thie wos sscribed to the tdes that
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the grafting presumably only takes place in the amor-
phous, accessible regions, Conversion of the grafted
fibers to their sodium or calcium salts had, however,
s dramatic increase in the melting temperatures al-
though the nylon crystals themeelves had the same
melting point. Piber welting temperstures up to 600 (4
were obtainsblc with the sodium sslts and above 600°C
with the calcium salts. These lead, of course, to
greatly increased hole melting temperatures.

RPFECTS OF CRYSTALLINITY -- Most textile fibers
ere quite crystalline and this can effect considerably
the properties of the grafted fibers. If, as is usuel-
ly the case, redietion grafting is carried out direct-
ly on the fibers often only the amcrphous, accessible
ragions contain the graft copolymer. Magat end co-
vorkers (8) pointed this out when they found thet
their acid grefted nylons had similer elestic modulij,
X-ray crystsllinities and melting points to the un-
grefted fibers. Work by the present author and his
colleagues has repeatedly showm only modest effects
on the tensile properties even with very substantial
degrees of grafting. This was ascribed to the idea
that the teasile behaviour depends lergely on the
degree of crystallinity and the morphology. This can
be axploited practically since certein properties of
the grafted side chains can de lmparted to a fiber
without grossly chenging its tenacity, elongation end
modulii. Pire reterdsncy, thermal properties and
resistance to microorgsniems would be good exemples
from smnng many. HNowever, it is an obvious dis-
sdvantage if the grafting is aimed at changing the
tensile properties »ich as the elongstion and elas-
tieity. Work in these laboratories has shown that
st very high degrees of grafting, greeter than severe!
hundred pevcent in some cazes, the crystallinity is
greetly reduced. Uhen an elastomer, such as polyethyl
scrylate, 1s grafted the fibers develop rubber like
elasticity elthough the fibers themselves retained
their shape and genersl appearsnce. A mechod vas
developad vheredy similar results could be echieved
at vether modest grafting levsle (¥, 10, 11). Witk
celluloee fibers, including cotton and veyon, it wes
found that the grafted polyethyl acrylete held the
fibers intect in solvents for the cellulose vhich were
nonsolvents for the elestomey. Coacentvated zinc
chloride is a good exssple. On removing the solvent,
by veshing for example, the cellulose ve-rystalliaed
to & wmch lover extent ensbling the clastic’ty to
davelc,: ot much lower levels., A fow rasults with
revon ave given tn Teble 1I.

Teble 1. Mfect of Decrystallizing ¢. the
oad-eltvngation Bedaviour of
Rayon Grafted with Polyethyl Accylste

Percent {xeqtwesnt Iyear
Graft  Tenacicy flvegecqon TYeusejtv Elemystion
% 1.60g/4 2 1,.93g/4 2
” 0.3 23 0.08 4%
00 0.1e 4l 0.06 800

It com Se seen that a 60-40 cellulose-polyethyl a;; -
tate £ider has nearly 500 elomgation. By changing
the percent of grefting and the conditions of de-
crystallization 3 controlled and wide vange of teasile
properties could be achieved. The sccoupanying drop
in tenaciLy {5 dlsappointing but expected. It is
bhelteved thec this property cam be increased, hovever,
by sdjusting the comditions of grafting. Radiatiom is
peculiarly offective for this development since it
croatas redical grafting sites throughout the fiber.
Simtler reeulzs have been achieved uith wool fibers
bt veing thioglycollic acid, for examplr, to dreak
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the cystine bonda as opposed to decrystallising.

Water absorbency is snother axample of a fiber
property vhich is substantially governed by the dagree
of crystallinity. Cellulose fibers, for example,
grafted with polyacrylic acid only give modest in-
creases in vater sorbeacy although changing to the
sodium salt does give a further increass. Decrystal-
1{zation of tha grafted fiber in & 3imilar manmer to
the previous exsmple leads to enormous increases in
water sorbency and to “super slurping” fibers (12, 13,
14). Agein, controlling the dagree and the conditions
of grafting can lead to a wide range of sorption
characteristics.

Table III. Sorption of Water and Water Vapour
By Rayon Grafted With Acrylic Acid

Per cent water sorptiom at 25°C

Meceriad W 33 30 )3 100

(Control) 9.0 1.5 20,0 1350
108% Graft 8.6 14,3 21,5 43,0
1082 Graft 22.0 36.0 48.5 3,230

{becrvscailised)
Weasured by centrifugation procedurs.

It is interesting thar sorptiom is lergely & lateral
characteristic vhereas elasticity is » longftudinsl
property. If grafting is limited to various depths
of penstration of the fider cnly a wodest response
to decrystallisation {s observed. This greatly re-
duces the elomgation since the center of the fiber
recrystallizes, restrictiag that property. Rowever,
tn the case of water sorbency, slthough the oversll
sorbency may be decreased somewvhat without dulk
grafting it doew givo the possibility of developing
supet water sorbing cellulose fiders vith diffeving
degrees of strength vhich could have intaresting
conmercial {mplications. Although tae work to date
he: mainly been concerned with cellulose fiders
there (s no reason why both the slasticity and weter
sortency properties could not aleo be extendel to
synthetic fibers. Some work in this direction has
been initiated but such remains tv be sona.

In this brief review of radiation graftiang to
conventional fibers only a few highlights have deen
presented. Therve wxistes 8 large resevoir of kaowledge
of other aspects in the litairature but clearly much
further vork is still nseded.
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ABSTRACT

The age of truly syathctic textile fibers began
in October 1939 with the commercial production of
nylon ir the Seaford (Delaware) plant of the DuPont
Company. It is possibly not fully appreciated that
to make nylon into textile yarns and fibers required
the development of a totally new technology: melt
spinning. Nylon was joined by polyester in the early
'S0's, and by polypropylene in the early '60's.
World-wide capacity for these three fibers is close
to 25 billion pounds per year, an increase of over
800 tis:s3 the 30 million pound per year capacity of
the Seaford plant. We suppose a latter day Rip Van
Winkle wvho fell asleep in the Seaford plant in 1940 -
how would he react if he awoke 40 years lster and
visited the melt spinning plants of 1980?

BACKGROUND

The era of truly syanthetic fibers (contrasted to
regensrated or modified cellulosa-based fibers) began
in October 1939 vhen the Seaford Delaware plant of the
DuPont Company began commercial production of nylen.
The public recognized that nylon was a new material,
previously unknown. What was not widely racognized
wvas the extent of the completely new technology re-
Quired to make the nylon yarns.

Prior to nylon, man-made fibers meant viscose and
acetate ravon. Viecose rayou is made by wet spinning:
a viecose solution is extruded into a spin bath vhers
the filaments are fors-. by coagulation. Acetate
rayon is produced by dry epinning: a solvent solution
of the cellulose acetate is extruded into hot air and
the solvent evaporates, ieaving the acetate filament.

Conversion from nylon polymer to filament was
accomplished bv a radical depsrture from eithsr of
these: tha polymer was melted and extruded into air
vhere the moltun filamenis solidified. The filaments
ware not usable in tiiie form but had to be "drawn" or
stretched which changed the polymer structure and re-
sulted in the outstanding properties that claracterize
aylon.

The capacity of the Seaford nylon plant in 1939
was JOM pounds per year of filament yarn; staple did
not appear until 1947, Nylon was joined by polyeeter
in the earliy '50's and by polypropylene in the early
'60's. Today melt spinning of these thrue polymers
has reached a cajacity of very nearly 25 dilljon
pounds per year, ar 8300-fold growth in the &C years.
At present, ca. 80-85% of the world production of
synthetic fibers is produced by melt spinning.
Attempting to specify the place in history that

anyone or anything will be accorded is always risky,
but it would seem grossly unfair not to include meit
spinning in any list of the most influential technol-
ogies developed in our century. It is our hope to
provide a look at this technology at its birth and to
show the advances made over these past four decades
to bring it tc its pregen: state, We will desl pri-
marily with filament yarns with only brief references
tn staple fiber or tow and none whaiever to spinning
webs for nonwovens. To distinguish the detailed
differences among nylon, polyester and polypropnyleue
melt spinning would viclate the time constraints.
Time available forces the pictures tc be those of a
wide-angle rather than a1 telephoto lens, menticning
advances with a brevity in no sense indicative of
their importance.

The technology of today will be described in
teras of equipment and processes which are fo: sale
in the open market and by this exclusion of producer's
proprietary technology the true state of the art may
be somevhat understated. The differences are not be-
lieved to be of kind but of degree and are not such as
to distort the picture seriously.

The Seaford plant began nylon production using a
spinning machine identified as Type 8. 1In this
machine nylon polymer chips were stored under nitrogen
pressure in a sealed hopper, from which they flowed by
gravity to a pancake coil heated by a central Dowthera
system. The ni-rogen prassure moved the molten
polymer to a gear pump which forced the metered poly-~
mer stream through the sand-filled iilter pack and the
spinneret, all maintained at the des'red temperature
by the single Dowtherm system for the entire machine.
The molten filaments were quenched by a cross-flow of
ambient temperature zir in a chimney with side panels
to prevent outside wir disturbances and the quenched
filaments converged over a ceramic guide to form the
single threadline per spinneret. Finish was appliad
by a kiss-roll and the threadline wound-up on a
friction-driven spin brbbin at spceds of a few hLundred
yards per minute. Mutive power came from a synchro-
nous motor and wes distributed via chain~driven line
shafts with suitable gears to take off power for the
bobtin drive rolls, feed whe:ls and metering pumps.
Finish application rolls and the traverse drives for
tha windup wera driven by separate small motors,

The spun yarn was then taken to anothar totally
nevw machine, the drawtwister vhere it was stretched
or "drawn", given twist for coherence and wound up on
shipping packages contsaining one pound of yarn.

Let us look at what has happened to the major
eledenrs of the process in the panst four decades. We
will look through the eyrs of a counterpart of Rip
Van Winkle: an enrgineer in the Seaford plant who fell
asleep in 1940 and whe recently swakened and toured
the malt spinning plants of 1980, Vhat would he see
and how would he fesl?

We start with the firet procrse step. melting the

polymer,
MELTING POLYMER

The melting capacity of the 7" diameter puacake
coil on the Type 8 machine was limited and - intaining
the nitrogen atmosphere was both expensive and cusber-
some.

These deficiencies were overcome ty a new and
inproved design of spinning machine, which used atmos-
pheric pressure steam tc prevent oxidation of the
polymer chips and reniaced the paucake coil by finned
grids vhich hed & much larger hea: -vansfer surface;
Figurs 1 shows typical grid desiyn. Palymer chip feed
to the melting grid was by gravity, The melting ca-
pacity was ca. five times greater so that multiple
thrcadlines per spinneret werc readily poesible.




Instead of a central Dcwztherm system for each machine
with its one boiler piped to each spinning unit, this
design used an integral, electrically heated Dowtherm
boiler in cach unit, eliminating the possibility of
complete machine shut down because of boiler failure
and making replacement of spinning units much simpler,

Gnd Melter

Fig. 1. - Typical grid melter for steam spinning

The next step forwsrd was 2 tiuly major one: the
JuPont development early in the '50's of a continuous
polymerization system for nylon and coupling it direct-
ly to the spinning units to sliminate the use of poly-
mcr chips. Continuous polymerization was initially
used for nylon tire yarn but has been expanded and is
now used for nylon and polyester apparel, carpet ard
industrial filament yarns and for staple. It is not
used for polypropylene. The capacity of a continuous
polymerization - direct spinning sachine can be as
high as 150M pounds per year, five times the original
capacity of the entire Seaford plant and a far cry
from ths 1-1.5M pounds per year capacity of the orig-
inal Type 8 machines. Unfortunately a continuous
polymerization train does not lend itself .o being
piccured on one slids.

Grid melting had a major defect: bridging of
poiymer over the annular spacss between the heating
surfaces lowsred the melt rate and led to erratic flow
of polymer to the metering pump. The end result was
yarn of variabls denier. In the '60's grid melting
was supplanted by extruders and today they ars the
standard process vhers scale and flexibility require-
ments argue against use of continuous polymarization
and direct spinning. Extruders can be horizontal or
vertical, ventad or unvented, with capacities up to
12-15M pourds per year. Typical extruders are showyn
in Figures 2 and 3.

Fig. 3. - Modern vertical extruder

Our sleepy head would not be too surprised by
grids or extruders, but the continuous polymerization
trains he would find mind-bending.

SUPPLY MELTED POLYMER TO SPINNING UNITS

The Type.8 machine used the nitrogen pressure to
move the melted polymer to the inlet of the meter
pumps which pumped it through the filter pack and
spinneret assembly. As the grid melters operatsd at
atmospheric pressurs a booster pump was placed beneath
the finned grid to provide positive feed to the meter
pump.
In continuous polymerization coupled to the spin-
ning units, a large positive displacement pump takes
ths molten polymer and pumps it to the metsring pumps
of the spinning units. '

The extrudst, being a positive displacement de-
vice, provides the motive force to supply the polymer
to the spinning units.

Our modern Rip would be impressed by the sizs of
the transfer pumps on continuous systems but he would
ses no principles that were truly new and this part of
the process he could accept easily.

PUMP PRECISELY METERED POLYMER STREAM THROUGH
SPINNERETS

The wolten polyser must be delivered to ths
spinnerst in precisely metered amounts or the filaments
will vary in size and produce final precducts unaccept-
able aesthatically or in performance.

The metering pump must discharge exact volumes of
wolten polywer per uuit tims, against pressures as
high as 10,000 psi and at temperaturss in the 300°C
range - not an inconsidsrable set of requirements.

Fortunately a firm technology basis was available
from experience in the reyon industry and the high-
precision giar pumps usec at Seaford were a compara-
tively simple extension of previous practice. Each
pump supplied one metered stream to sach spimneret.
After A0 years, metering pumps have becoms bigger with
capability to supply as many as four metered streass
and nev materials have been used to make them last
longer, but they have not had any quantum {mprovement
in accuracy, a testimomy to the very high quality of
the original pumps. The wetering gears are shown in
Figure & and a typical pump in Figure S,
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for increased productivity led to larger and larger
spinnerets and instead of filaments with simple round
cross-sections, much more complex shapes were spun; a
few such cross-sections are shown in Figure 7. Today
disc spinnerets are available with as many as 500
holes and rectangular shapes for staple with up to
4000 holes.

0-

Meéter Pump

Fig. 5.

Polymer may contain catalyst residues, gel parti-
cles, precipitated additives, etc., all of which would
clog the spinneret holes. Before the metered streams’
of molten polymer can be extruded through the capal-
laries of the spinneret, they must be filtered and
subjected to fairly high shear to achieve melt horo- -
geneity. Filtration and shear are accomplished in the Fig. 7. - Non-round holes in spinneret
pack assembly, consisting of the filtration/shear de-
vice attached directly to the distribution plate and

spinneret. . Increased size and better methods of fabrication
At Seaford the pack was a cylindrical cavity were accompanied dy nev metals, and after the austen-
approximately 14" in diameter by 1 1/1" high, filled itic 316 stainless came martensitic 430 stainless and
vith layers of different sizes of special sand, the most recently, the 17-4 precipitation hardening steels
finest on the bottom and the coarsest on top. Fine which give the corrosion resistance of a 316 steel
mesh screens in the bottom and top of the cavity re- plus much greater tensile strength and hardness;
tained the sand in place. AISI 630 is illustrative of this class of steels.
Today the layers of sand have been largely sup- Detailed specifications for spinnerets are
planted by specially designed screens and sintered Jealously guarded proprietary information and commer-
wetal. Pack designs must minimize the possibility of cial manufacturers normally make spinnerets for the
“stagnant spots" where polymer could be trapped and Aifferent producers under stringent confideatiality
thermally degrade, increasing the pressure drop agreenments.
through the pack and shortening its life. Our old timer would be impressed by the size and
Packs have grown bigger and certainly better variety of the modarn pumps, packs and spinnerets but
since Seaford, but their apparent simplicity mas's he would find it easy to relate to them.
subtletics still not completely mastered. Four
decades have brought many answvers but not all, and QUENCH FILAMENTS, COMBINE INTO THREADLINES AND APPLY
individual producers will differ rather widely in FINISH
their perceptions of what constitutes the preferrec
pack design and composition. The 13 molten filasents from the first Seaford
The Seaford spinnerets were 316 stainless steel spinnerets were solidified by a stream of ambient
discs about 2" in diameter, 3/16" thick and with temperature air flowing perpendicularly to them in a
13 round holes having the cross-section shown in “chimney”. The chimney was ca. 30" long and had a
Figure 6. The finish of the spinneret walla and rectangular cross-section; the front was open. To
face wos primitive by today's standards. The demands insure laminar flow, proper volumes of air vere fed to
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each chimney through a distribution plate and fine-~
mesh screens at the back; the sides of the chimney
prevented stray air currents from disturbing the fila-
ments. At the bottom of the chimney the filaments
were converged to form the threadline in the "V"
formed by crossed ceramic pins, and this threadline
passed to the fluor below where finish was applied and
it was wound up on the spin bobbins.

As succeeding generations of spinning machines
went to higher speeds, a greater range of deniers per
filament, greater numbers »f filaments, and a variety
of cross-sections, the design -f chimneys changed to
accommodate the new demands. Aerodynamics has been an
invaluable source of technology for designing quench-
ing systems with the necessary capabilities. Figure
8 shows a typical chimney installation of the 1950's,
Figure 9 of the 1970's.

Fig. 9. - Typical quenching chimneys of 70'e

Air is not the only quenching medium that has
been used, nor is cross-flow the only quenching
geomatry. A good deal of information on design of
quenching systems resains proprietary.

Threadline convergence is atill done via ceramic
pins arvanged in a variety of ways, as well as by
bringing the threadlines together in the grooves of a
metered finish applicator or a finish roll.

Our modern day Rip would feel at home with the
external appearance of the chimneys but the sophisti-
cation of the design details would be completely
foreign to him.

After the individual f{iamznts have besn quenched
and converged into a threadline, spin finieh must be
spplied., Without a proper {inish subsequent process-

ing by producer and customer would be essentially im-
possible in any realistic sense.

In the beginning, the function of a spin finish
was to provide lubrication and cohesion. Without co-
hesion the yarn could not be wound into stable pack-
ages capable of being handled and transported within
the plant, let alone to customers, and lubrication was
necessary for the drawing operation as well as for
customer processing steps. The finish was an oil-in-
water emulsion applied by running the threadlines
through a liquid film on a rotating roll partially
immersed in the finish solution - the "kiss-roll",

Finish compositions were based on those which
had been used on natural fibers and on rayon. They
were mostly natural materials plus some fairly pedes~-
trian chemicals. Typical components in the early
years are shown in Figure 10.

TYPICAL FINISH COMPONENTS
1940’s

NATURAL SYNTHE TK

Tniethanolamine
Bone Aod
Sorbitan Monolaurate

Teaseed (Ol
Lecithin
Mineral O

Neotat Diethylene Glycol

Fig. 10.

Finisr.s today must do much more than provide
lubrication and cohesion; it is not unusual in some
yarn end~uses for a spin finish to be able to satisfy
as many as 50 processing needs of the producer plus
the trade. Functions which may be required of today's
finishes are shown in Figure 11.

FINISH FUNCTIONS
1980

Antrixdant Ervvudsatier

Antistoti Fungrcide
B tesnicade Fugitive Toat
Chelating Agent - Humectant
Coacervating Aqent Lubticant
Cohling Arnd . Seounng Aad
. Dyeing Avd Softeming Agent
Dye Leveling Agent

Tutting Ard

Surtactant

Fig. 11.

Benides the roll applicator used in 1939 we have
pin applicators by which metered amounts of fi{nish are
supplied to the yarn as {t passes through the Veshape
of the applicator; Figure 12 shows a typical {nstalls-
tion.
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Fig., 12. - Mctered finish applicators

A partial listing of the chemicils used for
lubrication in today's finishes is shown in Vigures
13 and l4. Note that these show some of the chemicals
used for just one of the functiors of finishes today.

MODERN FINISH CHEMICALS: LUBRICANTS

NATURAL

Waxes

Mono-Di-& Trniglycendes (Vegetable)

Acétylated Monoglycerides

Hydrogenated Glycendes

Oxidized Tniglycernides

Mineral Ol

Vegetable Oils, Glycendes 8 Fatty Acids
Fig. 13.

* MODERN FINISH CHEMICALS: LUBRICANTS
SYNTHETIC G .

Silicones

Efhulsitiable Potyethylenes
Trimethylol Ethane Tri-Esters

PEG 400-600 Mono & Diesters

Dislkyl Diesters (Adipates, Phthalates)
Hexadecy! Stearale

2-€thyl Hexyl Stearste

lsopropy! Stesrate

Fig., 1a.

Another ciement in the norcasing complenity ot
sndn tindshes Is the necd to joare tost they do ot
pellute and, nevdless to sav, they are carvetully
screened e insure dermatoloploal and texioolopical
sultabillioy,

four Jecades have
empirical approach to the solentit b
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compux ftions whose varlous medvtices e been corre-
lated with their ottects in the fiey-dios,
The materials, the methods o anaioasia and the

cvomples.ty of the formalations would Love onr triend

shaking his head in wonder.
applicator would be familiar.

Only the finish roll

WINDUP AND DRAWING

At Seaford, after finish was applied to the
threadline, it continued over two feed wheels or
godets and then wound up on a bobbin; yarn speed was
around 300-400 yards/min. The yarn was laid on the
bobbin by a diminishing stroke traverse to form a bi-
conical package because the finish was not cohesive
enough to form a saquare package. Each bobbin had one
cake of yaru. Figures 15 and 16 show views of the

Seaford windup floor.

Fig. 15.

Fig, lo. - Seatord windup, J940: 1 end per position

The spun bobbins were then taken to drawtwisters
where the varn was drawn or stretched by removing it
trom the bobbhins at 4 Pixed rate, snubbiog It on o
ceramle pin and passing [t over o draw roll rotating
40 4 speed higher than the teed rate by g tactor de-
ihe drawn
4 ostamdard rlay and traveler
twint cvherence and taken up
Avtual welpht ot
I8 ~how

pending ve the wmount of drawing desired,
varn was wound up via
mevhanism to plve §t
v plre ter hipment
pirn was Viures 17
drawtwister,

to
Varn o

cnie peucad, atd Sedtord




Fig. 18. - Doffing a dravtwister: Seaford, 1940

The {irst two decades after Sealord saw filament
yarns befng wound up at higher speeds, bigger spin
packages, and multiple cakes of yarn on each bobbin.
Tandea winding, where each bobbin drive roll Jrove
twe spin bobbins, replaced the single bobbin windup
of the original Scaford machines; Figure 19 shows this
configuration. Spinning windups became availudble in a
variety of designs: some had the packages parallel
to the aschine face - as in the original Type 8
sachine - and others had the windups perpendicular to
the machine face. Windup speeds of 2000 yards/aln.
vere attainable and the packages went up to the 20 to
30 1b. range. Figures 20 and 21 show such windups.

Fig. 21. - Muiti-cake, tandem windups: :960's & 1970'x

At the same time the dravtwi:ter wag belng im-
proved to provide the yarna nceded for new applii-
cations. Heated draw pins and draw rolls weye intro-
duced, spreds were increased, larger piras accommo-
dated and highly relined mechanical deaigns fncorpor-
ated into the machine, The principles remained the
same hut the equipaent was much more versatile and
reliable. By and large, our Rip would not have been
uncomfortable with all that he saw in spinning and
dravtvisting.

Spinning on one machine and drawing on another -
the "split process™ - was not the ultimate in




efficiency regardless of evolutionary improvrments so
that if spinning and drawing could be "coupled" and
done continuously it would be a quantum jump in tech-
nology. DuPont accomplished this revolution in 1959
by tht simultaneous development of high speed winders
necessary for economics and the use of fluid jets to
tangle the yarn as a twist substitute. The first
application was to polyester textile yarn followed in
1960 by nylon tire and apparel yarns, Split process
yarns were at a disadvantage both in economics and
performance and the death knell of the drawtwister
had been sounded.

The coupled process must rank in the forefront
of technical advances made in the 40 years of melt
spinning. Combined with continuous polymerization it
represents the preferred process for filament yarns
of nylon and polyester; for polypropylene the coupled
process is used with extruder melting of flake in
place of continuous polymerization. Figures 22 and
23 ghow coupled process installations.

Fig. 231, - Modern coupled process windup floor

From the 2000 m/min. winder specda of the early
60's we have come to 8000 m/min. {n 1980. Packags
sizes have increased and are stil]l f{ncrceasfng - the
4-9 kg. packages of the first cuapled-process varnx
have progressed into 29 kg. pachages of today - and
they are still growing., Another development has been
“godel-lenn" npinning in which the {{laments pann
directly from the spinneret to the take-up without
pasning over any godets; the drawing takes place in
the chimney an the filaments are subjected to the
forcen of the winder. Oiher developments have been
mult {ple=package vinders siuch an shown in Figuren 24
and 2% and automated winders vhich dot! full packages
and atring up cmpty bobbins autematically, {llustrated
in Fipure 26, Looking at cquipment of thisx type would
leave our counterpart Rip speechleas,
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Fig, 2h. - High speed, twin cake turret vinder




The mid 5C's saw the introduction of texture to
melt spun yarns, both by mechanical and fluid jet pro-
cesses., Texturing processes give filaments different
kinds of crimp, providing either stretch for hosiery
yarns or bulk for apparel and carpet yarns. Initially
texturing processes were split processes, taking the
fully drawn yarns to a separate machine where they
were textured, but it was not too long before in-line
texturing was developed using fiuid-jet techniques.
Mechanical texturing is still largely a split process
as most systems cannot operate at the speeds necessary
for in-line processing. The carpet yarns of today are
textured in-line by fluid jet processes but texturing
of textile denier yarns is overwhelmingly by mechani-
cal means on separate machines. In-line texturing
of carpet yarns is shown in Figures 27, 28 and 29.
Again, our latter day Van Winkle would shake his head
in disbelief.

Fig. 28. - Spindrawtexturing carpet ys/ns: Neumag
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Fig. 29. - Spindrawtexturing carpet yarns: Barmag

Devselopments in staple have followed the same
general theme as for filaments: bigger, faster and
cheaper, The first staple line (in 1947) used batch
polymerization and Type 8 spinning. Today continuous
polymerization plus direct spinning is the norm. In a
typical polyester staple process the filaments are
combined from the spinning machine and coiled into
cans which are then used as the feed for the next
stages; it is a split process.

The cans are creeled and the tows combined, hot-
wet drawn and dried. Finish i{s applied after which
the tow is crimped, dried, heat-set, cut and baled.
Tows of several million total denier are common and

tocessing speeds go up to around 400 m/min. The
rces exerted in drawing are rather robust: 10-12
tons. Figure 30 shows a typical draw-stand. '

Fig. 30. - Drav-stand for tow draving (split process)

As Rip had never seen any of these operations
following spinning, he would have a hard time be-
lieving his eyes.

The most recent development i{s to use a coupled
proceas for staple production also and Figure 31 shows
a achematic of such a process. The threadlines {rom
several motored strecams avc combined and drawn; the
drawvn tows from several positions are in turn combined
and fed to an in-line crimper, cutter and baler.




The system had two major faults: attainable
speeds were too low and the variability was too great,
running as high as several percent. All subsequent
spinning machines have adopted electrical drive sys-
tems which can operate at much higher speeds with much
less variation. Line shafts and gears have dis-
appeared and individual motor drives are used as much
as possible, with timing belts employed for any
necessary mechanical power transmission.

The general principle of electrical drive systems
i3 to provide a controlled frequency current to syn-
chronous motors. Various electrical systems were de-
signed and used during the late 40's and the 50's, and
speed control to % 1/2% was standard.

With the advent of the inverter in the 60's,
electronics took over completely. With individual
synchronous motors fed from inverters, speed control
of + 0.006% is readily achieved. 1t is -loubtful that

Fig. 31. - Coupled process for staple closer speed control wlll serve any useful purpose.
Rip would never have seen an inverter and the contiol
DRIVES achieved in today's plants would be hard for him to
conceive.
Drive systems are designed to insure that all
rotating elements are turning at their proper speeds CONCLUSION
with as little variability as possible.
The Seaford Type 8 machine used a 50 HP, 1200 rpm Perhaps an analogy is an appropriate way to
synchronous motor to provide power to a mechanical summarize:
system of gears, chain drives and line shafts shown Our modern Rip Van Winkle went to sleep in the
in Figures 32 and 33. Proper choice or change gears era of the DC-3 and awakened in the time of the
gave the range cf speeds desired. Vertical shafts Concorde; he found things are now much bigger and go
vere used to provide power to the meter pumps and the much faster. With bigger and faster airplanes and
bobbin take-ups were run from a coupled line shaft more of them, the need for control had escalared and
extending the length of the machine. The total instruments undreamed of in 1940 were guiding people
assembly of gears, chain belts and line shafts made safely through the skies. The same principles have
for a rather imposing mechanical array. applied in melt spinning and our Concordes are the

Toray "Zero Person Plant” polyester filament plant

in Japan - where there are no line operators in the
traditional sense, only maintenance men for the auto-
mated system - and the recert DuPont nylon BCF plant
"with computer controlled processing and computerized
QC" (Quality Progress, Jan. 1980, p. 40).

The analogy with air travel can be carried a
step into the future; if these plants are melt
spinning's Concorde today, what will be its space
shuttle tomorrow?

1f we had another Rip Van Winkle who went to
sleep in lshikawa or Wavnesboro today, vhat would he
ses if he woke up in 2020?
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RECENT DEVELOPMENTS IN THC OPTIMIZ/iTION
OF A MELT SPINNING PROCESS

busan C. Prevorsek and Young D. Kwor
Allied Chemical Corporation
Corporate Research Center
Morristown, New Jersey 07960

In industrial applications, the most im-
portant problems of melt spinning and drawing
are a) the optimization of the process with
respect to a given fiber property, b) the
transfer of an optimized process from one type
of equipment to some other type and c) the
modifications of an optimized process to ac-
count for changes in product and equipment
modificat-.ons. In this study we review analy-
tical technigues which greatly facilitate the
optimization of a melt spinning process. The
method is based on the finding that (1) the
temperature and deformation rate histories of
the fiber in the spinning and drawing steps
control the quality and properties of the
final product and (2) the digita) simulation
of the process can be used to match filament
temperature and deformation histories when
process rates, spinnerette and quench stack
designs are changed. An example of process
optimization is presented with respect to
fiber strength and the origin of perturbation
is discussed which affect adversely the fila-
ment and yarn properties.

INTRODUCTION

Experimental and analytical studies of
the melt spinning process have been carried
out by many authors. M.st o: the studies
were concerned with the rncoligical and heat
transfer aspects of the melt spinning process
(Ref. 1-5, for example). Recently, some
authors investigated the change of fiber
structure in the spinway by use of x-ray and
birafringence devices (Ref. 6-7, for example).
The findings from these studies help one
understand the dynamics of filamont thinning,
filament quenching and change of f{iber
structure in the melt spinning process.

In industrial applications, the moat
important problems of melt spinning are:

a) the optimization of the process with
respoct to a given fiber property, a
set of properties, a cet of properties
coupled with some other factors such as,
production rate, quality of the final
product, product uniformity, etc.

b) the tranafer of an optimized process
from one type of equipment to some
other type, and

c) the modificatioi.s of an optimized
process to account for chanqes in
product spacifications, alterations
in the spinway. etc.

The present understanding of melt
spinning and drawing processes is, in mcst
cases, insufficien: to predict without

i

extensive experimentation the optimum condi-
tions for a given product. As a rule, these
goals are achieved by various types of experi-
mental work.

The transfer of an optimized process from
one type of equipment to another, and the
modifications in the process to account for
changes in production rate, alterations in
equipment design, etc., on the other hand,
can be greatly facilitated by means of modern
computational and simulation techniques.

In this article, we describe a method to
optimize the spinning and drawing process in
terms of filament temperature and deformation
history and describe a method to modify the
process or transfer the process from one type
of equipment to another. The principle of
the method is based on the assumption that
the properties of the fiber are uniquely
defined by its temperature and deformation
rate history. The mathematical problem is,
therefore, toc establish the changes in opera-
tional variables to match the temperature and
deformation rate history of the filaments
when equipment design or production rates are
changed. The study is limited to fibers
which can be spun and drawn via an essentially
amorphous undrawn yarn.

EXPERIMENTAL

A. Determination of Optimal Spinning

Conditions. Schematics of the experi-
mental spinning system are shown in Fig. 1.
It is similar to an ordinary melt spinning
system with the spinnerette die at top and the
take up roll at the bottom. The =pecial
feature of this spinning system is the series
of sleeves which are stacked in vertical
direction, surrounding the spinway. Indivi-
dual sleeve had an internal diameter of 10 cm
(4 inches) and a length of 15 cm (6 inches)
and the sidewall is wrapped with heating band
and insulation materials. The sleeve is made
of two halves of a cylinder which are combined
by the hinge in order to facilitate opeuaing
the sleeve when necessary. The sidewali has
five circular openings. The observation
window at the front center is provided for
observation of filament when the probe lor
filament temperature measurement is inscrted
through the temperature probe access hola and
is brought into contact with the f!lament.
The openings for the air inlet and air outlet
are installed on individual sleeve to fuacili-
tate the variation of air temperature and air
velocity locaily. The additional access hole
on the left hana side was installed to allow
illumination of the filament while photo-
graph of the filament was taken by a camera
through the front obscrvation window tor the
prupose of determin.ng the filament diameter.
A thermocouple tip wee placed on the inner
wall of the sleeve tu monitor the sleeve wall
temperature. The air temperature inside the
sleeve was measured by inserting a chermo-
couple through the temperature pi.be access
hule and the air velocity was measured by
inserting an anemomete~ through the same
access hole.

Using this spinning system, the experi-
mental optimization of the process for
maxinizing the tensile strength of filanent
obtained by drawing after spinning was

]
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carried out as follows:

1. After setting up the system, the
extrusion was started at a pre-
scribed rate with the melt at the
spinning die fixed at a suitable
temperature.

2, The sleeve temperatures were set
to an initial profile and the air
flow was set to an initial pattern.

3. Then, the filament was taken up by
the take up roll at an initial take
up tpeed.

4. An experiment for optimization
was carried out to establish optimum

drawing conditions.

5. The spun yarn was drawn to a fixed
high draw ratio at the optimum
drawing conditions.

6. The spun yarn was drawn to maxinum
at the optimum drawing conditions.

7. After the drawing under conditions
established in item 6 above, the
tensile strength of the filament
was measured.

8. Then, sequentially, systematic
variations wvere made of the take
up speed, sleeve temperatures, and
air flow rate.

9. The run which gave the maximum
tensile strength was repeated and,
at this time, measurements were
nade of the filament temperature
and filament diameter at each of
the sloeves. The filament
temperature was measured by the
contact null point device (12) and
the filament diameter was measured
by close up photography.

10. The temperature and diameter data
were interpolated by the digital
simulation technique.

Thus, by the experimental optimization
and digital simulation for interpelating the
experimentally measured temperature and
diamster profiles, ws could establish the
complaote profiles of temperature and diameter
for an optimized spinning process.

Next, tha exitrusion rate was vavied and
then the same optimization experiment was
repesated to achisve the maximum tensile
strength of tha filament. Again, from the
experimental data, the optimal temperature
profile and diameter profile were established
by interpolating the data by the digital
uilulaeion technique. Then, the optimal
profiles thus established were compared to
each other to examine the similarity in the
real time history of temperature and elonga-
tion rate in the spinway.

The exanination of plots of the filaxent
temperature vs. time and those of the deforms-

tion rate §¥ vs. time in the spinway showed

that the optimal spinning conditions are
achieved when;

a) The deformation rate g% is at a critical
high value at which further increases in

g% lead to an abrupt deterioration
of {ilament uniformity.

b) The filament cooling rate g% is at
a critical high value at which
further increases in g% lead to an

abrupt deterioration of filament
uniformity, and

c) the time at which the maxima in av/d4z
and 4T/dt are observed is at a critical
low value at which further decreases
lead to an abrupt deterioration of
filament uniformity.

It should also be noted that the condi-~
tions (a), (b), and (c) are related and that
the optimization of one leads automatically
to the optimization of the other two.

B. Characterization of Undrawn Filaments:

Minimum Order Hypothesis. All filaments
investigated In this study wera essentially
amorphous by wide angle x-ray analysis but
oriented as indicated by birefringence
measursments. Plots of birefringence vs.
strength revealed an interesting relationship.
With fibers spun from the same polymer under
a variety of conditions, we observed only a
minimal scatter about the line having a well
defined maximum at very low values of bi-
refringence. Belov this value the strength
dropped abruptly while at higher than optimal
values the decrsas: was monotonic but rather
slow. Since the existence of the maximum
could be easily verified by repeating the
experiments, we originally speculated the
maximum in strength reflects a fiber mor-
phelogy which is particularly suitable for
producing high strength fibers.

A thorough examination of undrawn fibers
by small angle and wide angle x-ray diffrac-
tion and optical and electron microscopy
failed to reveal a structural characteristic
which could explain the maximum. The mea-
surenment of tension during spinning, bi-
refringance along the filament and diameter
of filaxant showed, howsver, that at condi-
ticns on the left of the maximum the above
Quantities chow abruptly a much larger
fluctuation and scatter than at conditions
at the maximum and on the right of the
naximum.

From these resilts we concluded that at
the conditions on the left of the maximum we
were unahle to control the spinning as
effectively as at the conditions correspond-
ing to optimum or higher than optimum bi-
refringence. Therefore, the maximum in
strength is not rulated to a specific fiber
lo:pholoq¥ but must be attributed to the onset
of instability in spinning at very low take up
tensions.

It should be noted that such maxima in
strength are observed only in experirents
vhere special efforts are made to prepare
undrawn fibers with no or minimal orientation.
Purthermore, when the results from various
types of spinring experiment are compared the
position of the maximum varies with tkre
Quality of equipment.

The comparison of plots of strength vs.
birefringence and fluctuations vs.

%
5




birefringence are also revealing. For values
of birefringence exceeding the optimal value,
the fiber average strength decreases in spite
of the fact that fluctuations in fiber
strength and uniformity also decrease. This
suggeuts that in the spinning process we
should make an attempt to minimize the order
and orientation. This finding is not surpris-
ing if one considers that in the drawing
process, the original structure is first
completely destroyed and then reorganized and
reoriented into an entirely new fiber mor-
phology. This follows from our morphology
studies. These showed that within the rasolu-
tion of our analytical techniques we were un-
able to detect significant morphological
differences in fibers drawn from different
precursors provided the drawing conditions
were maintained constant. 7The only change in
the process is the drawing tension which in-
creases with incroasing birefringence. We,
therefore, visualize that drawing tension
involves tension to destroy the preexisting
order in the undrawn fiber and tension to
align the molecules, form microfibrils and
shear the microfibrils at high draw ratios.

In order to achieve maximum fiber
strengths from a given polymer by melt
spinning it is, therefore, necessary to; a)
select spinning conditions which minimize the
order and orientation in the spun fiber, and
b) design equipment with minimal perturbations
such as; filamant swaying, temperature and
pressure fluctuations, etc.

c. ggeinal Dravlng Conditions. In order to
determine the op rawing conditions we
carried out a series of one step and a series
of two step drawing experiments using a two
roll set up and a flat heating element. This
experimental set up allowed the direct obser-
vation of the drawing zone, control and cal-
culation of filament temperature as woll as
variations in draw ratio and the rate of
deforration. The average filament temperature
in various sections of the drawing sone wai
calculated by solving the heet transfer equa-
tion which includes viscouz heat generation
term

- a<r> alcr>
0 G Yy il

p & dz te,tq

here

o = density

Cp = heat capacity per mass

V. = fiber velocity

s = axial coordinate

k = thermal conductivity of tho fiber
<T> = average temperature across the

fiber

e, = viscous heat generation per unit
volume

a w rate of enoray input per unit
volvme via heat transfer with
the surroundings.

In order to detmimine tlie viscous heat
genzration term we consider a emall segment
of the fiber of lengt) 4z. The work rate
input or viscous heat generation for that

segment is given by

!v = PAV'
whare F is the (constant) drawing force and
AVz is the change in axial velocity across
the segment. Sincc the volume of the sagment
is given by ALz, where A is the (fiber) cross
sectional area of the segment, the work rate
per unit volume is given by

PAVz2
.v ® bz

Taking the limit as 42 goes to zero, we obtain
a differential expression for the viscous heat
generation term

dvz
& "8
where ¢ is the local axial stress.

The examination of the shape of the
draving form by means of optical microscopy
and photography showed that under drawing
conditions which lead to strong fibers the
drawing differs from that observed in constant
load experiment (FPig. 2). At drawing condi-
tions used in this study the drawing zone
consists of a yield zone and a post yield
deformation zone as shown schesatically in
Fig. 3. The examination of drawing zone
deformation and temperature profiles showed
that the drawing process can be dascribed in
the following terms; diameter ratio °o/°1 and

DI/D! and temperature at the end of drawing

zone and at the post yield drawing zone. The
important conclusion of this study was that
the optimal drawing conditions, regardless of
the heating medium involved;

1) a ratio DO/D1 corresponding toc a draw
ratio of about 2.2X
2) the yield temperature at D, of ~12%°C

) the temperature at the end of post yield
drawing did not exceed 180°C.

Vary stiailar result: were ohtained in a
two stage drawing procesy where it was pos-
sible to cuntrol independently the extent of
the two deformation processes discussed above;

yielding (Do/ol) and post yield drawing (D;/Dy)

as vell as the yield temperature and the
temperature of the post yield drawing. The
comparison of draw tension data with birefrin-
gence and sosa modulus of fibers drawn o
zaximum shows that at optimal drawing condi-
tions the temperature in the drawing zone is
at a critical high value at which further
incresasecs in drawv zone temperatures lead to
an abrupt decrezse in the orientation o?
tibers drawn to maximus. The drawing teunsion,
on the other hand, is at a critical low value
At which further decreases lead to an abrupt
decrease in orientation function.

TRANKPER AND MODIPICATIONS OP OPTIMAL SPIMNING
R

The transfer of an cptimized process from
one type of equipment to some other type, and
the modification of the process to moet given
requirements (such as incresse in production
rates, changes in fiber properties or polymer
molecular weight, etc.), can be carried out in
the following way.

N -k aersr

I




R O R

TR - AN YA NI A, R g o
,

Referring to Fig. 4, which depicts the
schematics of a melt spinning process, let us
consider a small particle of the fiber
material leaving the spinneret at t = 0 (¢t
deroting the real time) and travelirng down
the spinway toward the take-up roll while
being subjected to a certain conditioning
history. Por simplicity, we assume that at a
position z (or time t), condition of the
fiber material is uniform across the radius
of filament. 1In othur words, we disregard
the distributed nature of the system and trrat
it as a lumped paraneter system. Suppose that
the state of fiber material can be completaly
described by n state variables of X, XgseeoXn

(or x in shorthand notation) which vaty with
tin: by the dynamic relation of

X
a-t_& = ti(xlg xzn-oxn' ul. “2---%) (1,

vhere u; indicates the process control vari-
ables. “If the objective function J (the
tensile strength, for example) to be opti-
mized can be expressed by
t
3 = F(x(tg)) + y fLix,u) ae (2)

then the problem of optimizing the melt
spinning process to achieve a desired cptimal
value of the objective function J is mainly
that of a numerical computation based on the
mathematical principles of optimization.

The real roblem we face in spinning
process analysis, like in many other physical
processes, is that we do not have complete
knowledge of the relations, such as Eq. (1)
and (2). Thus, frequently in reality, the
only available way of optimizing the melting
spinning process is experimantation.

After an optimal process is established
by experimental procedure, it is often desir-
able to scale up the process while achieving
the same cbjective. Again, due to the lack
of knowledge of the relations of Bq. (1) and
(2), the scale~up work necessitatas an
experimental optimization. 1In this case,
however, if the real time history of the
state variables, x(t). is known for the tirst

socess, then the second process, i.e., the
scaled-up process can Le expected to yleld a
same value of the objisctive function, J, if
the history of x{t) !s somchov kept same.
This is 80 although we do not know the rela-
tion of Eq. (2). In other words, between

proc.ies 1 and procsss 2, it

§)(t) = xq(t) for t = 0 - ¢, (3a)
then we can expect:

=9, (3b)

Thus, scale up of an optimal process can e
achieved by achieving the similarity of the
history of state variables.

For the above mentioned simplified

lwaped Jaraxster system of & melt spinning

ess, ve conalder the filament temperature,
Ti{t), and the rate of filasent thinning,
dvi(t)/dz, as the two state variables of the
systes which predominantly affect the changes
in properties of the fiber during sgisning.
pencting the teaperature history and the

thinning rate history of the filament in the
first optimired melt spinning process by
Tl(t) and évltt)/dz, respactively, and those

ci the second scaled up process by Tz(t) and
dvztt)/dz for t = 0 ~ te, we hypothesize that,
it

Tl(t) = tht) (4a)
and dvl(t)/dz = dvz(t)/dz (4b)
then Jl - Jz

The idea underlying this hypothesis is that,
as long as the temperature history and defor-
mation rate history of a fiber material start-
ing from the same initial state 2are sae, the
changes in the material characteristics, such
as rmolecular weight distribution and mor-
phology should also be same.

Now, let us examine whether it is pos-
sible to achieve the relations of (4a) and
(4b) in a melt spinning process and, if it is,
then under what condition. Referring to Zig.
S in which two spinning processes are con-
pared, let w, H, D and V denote the mass rate
of apinning material, height of the spinway,
filament diameter and filament velocity, 0
respectively, and let tha numeral subscripts
1 and 2 refer to the process 1 and 2. The
position variable 3 is related to the velo-
ecity V by

dz = V 4t (3)
Thcro!oze.
a"' v a— d—r—h‘ g (6a)
S0, the relation of Eq. (4b) dictates
v, {t V,(t)
1 = nd = g(t) (6b)
vt - vatet

which means that the stretch ratio based on
the initial filasent velccitr, s(t), is same
between process 1 and process 2.

If we set the scalu up factors for the
mass rate and the filanent diameter at take
up to ¢ and r, respectively,

w = C "I (7}
and

D s rD (¢
where the subscript ? indicates the final

tzke up point in the wpinwy. The mass
balance at the tak: up point requires

vy, tese?) Y (9)
and Eq. (Cc) extsadas (9) te

vyt = (esed) vy (0 (108)

vyt0) = tesrd) vy(0) (10b)

Dytth = r B, (t) (10¢)

The spinway heoight, ¥, is given hvy



t t!

t

H -I V(t) dt = V(o)j
0 0

H v, (¢ c

i vﬁﬂ' " 7

The equality relaticns of 'ia) and (4b) re-

; quire the equality of the i:longatioral stress,
o(t), between process 1 and 2. Under the one
dimensional elongation, o(t) is yiven by

o(t) = Ny {av(t)/dz]

E where Ny is the tensile viscosity. Tensile

§ viscosity has besn found to be a function of
the temparature only (8) or to be a function
of tempsraturs and elonyation rate, dv/ds,

(9). In either case, Eq. (4a) and (4b) would

8(t) at

(11)

Rabdh b Aoitabe it ddbb el i A e b ittt B e

12)

result in
N, (t) = n, (t) (13)
1 T T2
and _
ol(t) - a:(e) {14)

The "rheological force®, 'thno‘ has been de-
fined conventionally by

o 2
'rhoo(" = o(t) 0.785 [D(t}) (18)
In view of (10c) and (14), then, we have
2 .
'rhoo?“’ - r 'rh.ol(‘) (16;

Equations (6) - (16) are the relations
which would result if the requirements of
(43) and (4b) are fulfilled, Kow, we have to
ask under what conditions these requirements
can be realized.

Obviously, the first roguirement is the
controllability of filament tempearature,

T(t), for achieving Tz(t) - Tl(t). Bg. (4a)
implies

a7, (¢t 4T, (t)

aE;L_L » KE;L_. {17)

For tha simplified ons dimecnsional system,
dynamics of the filament quenching can de
approximated by:

p (0,705 0?) ds (d1/8¢)

= =3),14 D a2z hc(r - T‘)

4

4

- T
%
where 0, Cp. bc‘ b’ anrd 1; represeat the

density of fiber, heat capazity of fiber,
convective heat transf.. coefficient, rodia-
tive heat transfer coefiicien and the awbient
air temperature. ’k ard T.‘ danoce the
filament temperasturw anl spinvay wall temgera-
ture in Relvin ecalu. 3q. (13) aimplifins to:

4T/dt = (~4/0CD) B (T - T,) -

=¥.14 D dz kT, ) (19)

4 4
u/ocpo) "r“‘u "u )
Bg. (17) necessitates the relation

(19)

h h
c, (t z, (t 4
1{m}-lw (t)~Ta,(t)] + l{—%[T {t))
51 t 1 1 ﬁl t k1

4
-(T.. (53)7)
skl .
he, (t T, it 4
= 2-H- (T,(t)=Ta,(t)] + 2-H-l('r (t))
‘52 2 2 '55 t ky
-('r.kz(t))‘) (20)

Thus, there are four variables which can be
manipulated in Eq. (20) to achieve the equal-
ity Of Sq. (17)1 hcl hta .‘ ‘M T.k-
Consider a case, for example, in which
Dltt) = tht) but the speed cf filament is

increased by a factor of 2. When the quench
air and filament flow in parallel directicn,
the convective heat transfer coefficient, hc'

is correlated to air flow condition by Muller's
correlation (10), i.e.

h D Vo 0.3)
Eﬁ— = 0.42 (-;:gl)

where k.. Par g denote the thermal conduc-

tivity, density and viscosity of air, respec-
tively. 8o, increase of V raises the value of
h, and, in order to maintain the cquality of

2q. (2), it is neccssary to raise T, (t) and/
or T.let) to offset the effect, Onl means

of providing the variation of Ty iz the
4
heated slesves surrounding the spinway.

In this way, the controllability of
filament temperature hinges on whather the
equality of Bq. (40) can be maintained by the
manipulation of the above said four variables
within the allowable and attainable renges.
Nowever, it is physically impossible to
manipulate these variadles frm point to puint.
Practically, the only fessible way ol wmanipu-
lating these variables is to 30 it by segments
of finite lengths. Therefore, in a rigorous
sense, the control can be achieved only
approximately. Experimental runs which ve
nade have shown, hovwever, that the actual
controilaniiily of tarperatur= in the scale
up of a moderate ratio is fairly qood.

After the rature controllability,

another controllability problem is related to
the rheological force, 'rhoo' given by Eq.

(15). Denoting the take up tersion by v,

'rhoo at position 2 in & spinway of height
can da approximated by:

]
'th.o‘" » r, e]' (] ginz ds/¢ ﬁ D ds

- IV' - Viz)} (22)
where g is the gravity constant a4 t {8 the
skin friction at filament surface due to the
air drag. Thus, the second, third and fourth
terms on the right hand side are for the
filament veight effect, air drag effect and
the imsrcia effect on the filament tension,

e s NI ST 8.



respectively.

Eq. (14) and (15) neceusitate the rela-
tion:

Frheol(t) Frheoz(t)
z p)
[Dltt)] {tht)l
or
2
r l"‘rhexol(t') = Frheoz(t) (23)
If, in Eq. (22) Frheo(z) = FT' that is, the

total sum of the effects of gravity, air drag
and inertia is negligible relative to Foo then

it can be shown that Eg. (23) holds by itself
once the temperature is controllable. When
this is not the case, (22) and (23) require

H 2 H
x'z [f pg ;-Dl dzl'[
z,(t) z, (t)

71042y 7w, V£ V) (2)))

Equality of Eq. (24) is achieved to a good
approximation if

c= rz (25)
which means, due to Eq. (9),

v, (t) = Vy(t) (26)

Otherwise, the equality does not heold
strictly and the requirement for Eq. (23) can
not be held rigorously. However, we have
found through experiments that the equality
can be maintained approximately when the
scale up ratio is moderdies.

In order to minimize the deviations be-
tween Tl(t). dvl(t)/dz and Tz(t). dvz(t)/dz,

one can use the Pontryagin's misimum prin-
ciple (11) to minimize the cdeviation functionm:

t
5 -I £ reryr-myen?
0

v adhiel - a8l 2y, (27)

by optimal selection of T‘(t), T.ktt) and va
(t) where Va(t) is the guench alr velocity

which affects the convective heat transfer
coefficient, hc, and the skin friction due to

air drag, 1. Details of this numerical pro-

cedure will be described elsevhere. Here, it
suffices to say that the result of this pro-
cedure provides the guidance for varying the
values of Tt Tox and V, as the function of

the posnition.

MULTIFILAMENT PROCESS ANL PERTURBATIONS

In multifilament spinning the strength
of yarn is always less than in single fila-
ment process even if temperature and deforma-
tion histories are equal.

This is caused by filament nonuniformi-
ties which cannot be completely eliminated
even with greatest care in the process design
and operations. A plot of translaticnal
efficiency in multifilament yarn strength as
function of the coefficient of the variation
in single filament strength is shown in Fig.
6.

Furthermore, a multifilament process is
always more perturbed than a single filament
process and within the limits of practical
design of spinning equipment and production
rates, it is usually impossible to:

a) eliminate diffecences in temperature
and deformation histories between the
filaments in the yarn, and

b) match the average condition for the
filament with the optimal conditions
established by a single filament
experiment discussed above.

A technologically important task is to
establish the modification in the process
leading to the largest possible improvement
in the quality of the yarn. This requires
the analysis of the perturbation which affect
the filament uniformity along the filament
and across the bundle. The fluctuations in
orientation, diameter, polymer molecular
weight, etc., can be related to; a) defi-
ciencies in ¢quipment design (temperature and
throughput variations), b) inherent perturba-
tions such as turbulent air flow, filament
swaying, etc., or c) polymer quality (presence
of gel particles, poor judgment dispersion, or
other solid particles, etc.).

The identification of major factors
contributing to substandard quality of yarn is
always very difficult and involves the analy-
sis of property, structure and polymer quality
fluctuations.

Most frequently, these analyses are based
on the analysis of birefringence, filament
denier and strength distribution along the
filaments and across the bundle, molecular
- ght fluctuation in thin and thick fila-
«ents, fiber surface characteristics, preasence
of forelgn matter in the polymer, and exami-
nation of broken fiber ends.

In Fig. 7 is shown schematically the
scatter in filament strength as a function of
filament denier for the entire yarn and
along a single filament. Domain "B" indicates
the scatter observed in the entire bundle
while the domain “P* represents the same
quantities measured along the same filament
in the yarn. Frilament denier fluctuations in
'w,' reflect the sum of hole to hole through-

put variation and factors contributing to the
denier fluctuation in an isolated filament.
Fluctuations in 'Hr' are related to the sum

of filament swaying, pump and throughput
fluctuations and possible fluctuations in
polymer molecular weight and polymer quality.
In addition to these characteristics of the

convere ok o




scatter it is desirable to estimate also the
magnitude of angle “a® which reflects whether
the filament properties are affected by the
filament denier. If such a relationship
exist it is very likely that the strength
decreases rapidly with the volume of the test
specimen which is a strong indication that
the polymer may be contaminated with foreign
matter.

CONCLUSIONS

With melt spinning and drawing processes
of fibers which can be processed via an
essentially amorphous undrawn filament, the
optimal spinning conditions with regard to
strength occur when;

a) The filament deformation rate g% in the
spinway is at a critical high value at
which further increases in g% lead to
an abrupt decrease in filament quality;

b) The filament cooling rate g% is at a
critical high value at which further
increases in g% lead to an abrupt
decrease in filament uniformity, and

c) The time at which the maxima in g% and
g% occur is at a critical low value at

which furiher decreaser in this time
lead to an abrupt decrease in filament
quality.

Optimal drawing conditions in a single
step drawing process involve a complex defor-
mation process in which yielding is immedi-~
ately followed by a post yield drawing. The
diameter decrease in yielding corresponds to
a draw ratio of 2.2, The temperature in the
drawing zone is at a critical high value at
which further increases in drawing temperature
lead to an abrupt decrease in fiber orienta-
tion. The draw tension, on the other hand,
is at a critical low value &t which further
decreases lead to an abrupt decrease in fiber
orientation.
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REMARKS

David Tanner
E.1. du Pont de Nemours & Company, Inc.
Wilmington, Delaware 19898

Introduction to the Session on "High Performance
Fibers"

It is indeed an honor to participate in this
symposfum honoring our Geheimrat. It was his reputa-
tion that attracted me to Brooklyn Poly 30 years 240
to begin a career in polymer chemistry - and I've
known and admired him ever since.

There has been a lot said about Professor Mark's
contributions to polymer science. Before beginning
this afternoon's session on "High Performance Fibers",
I would like to acknowledge his contributions to the
DuPont Company's Textile Fibers Department. Profes-
sor Mark began consulting with us in 1940 - the
early days of nylon. In those days, our young
scifentists had little or no training in polymers.
They came from the universities as organic and
physical chemists - polymer chemistry wasn't taught
much in the schools then. He taught them such things
as polymerization kinetics, rheology of spinning,
molecular weight distribution, 1ight scattering and
X-rays. It was Professor Mark who in the early days
saw and stressed the important connection between
structure and fiber properties. He taught us the
basic analytical tools and how to use them in
designing new polymers and fibers. He helped us to
understand how to get high tenacity into nylon, how
to bulld wool-1ike resilience into Orlon® acrylic
and how to aet good work recovery and rasilience
into Dacron® polyester. This went on for years -
it went on for decades!

It was Professor Mark who repeatedly told us that
the strength and modulus of our highest performance
fibers were nowhere near the theoretical values -
that were only on the fringes of fiber potential.

He challenged us on this - he encouraged us o work
in this area - and we did - and he was right!

This brings us to the subject of this afternoon's
session. In researching the history of high perfor-
mance fibers, it comes as no surprise to any of us
that the earliest references bear tribute to the
insight and vision of our honored guest. The
earliest reference we found was & publication in 1932
that treats the theoretical tenacity of an infinitely
long chain molecule. The author writes:

“The force necessary to break 3 mdin valence‘o
polymer chain of cellulose ,.. amounts to 2 x 107
kg per chai? Since 3 1 mt cross-section contains
310 5 x 102 chains, 1t follows that the tensile
strength of a filament consisting of infinitely
long chains would be about 800 kg/mm. One sees
that this value {s extraordinarily high and signifi-
cantly exceeds the experimentally determined values
of tensile strength.” Or. John Schaefgen in our
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Pioneering Research Laboratory at Pont has trans-
lated the above value o€ 800 kg/mm“ into modern terms.
This translates into 57 gpd for celiulose, 89 gpd for
polyethylene, 74 gpd for 66-nylon and 64 gpd for
Keviar® aramid - figures that we are beginning to
approach in today's synthetic fibers.

This quotation was from Pages 61-62 of a book
entitled "Physik und Chemie Der Cellulose", Julius
Springer Verlag, Berlin, Germany, 1932. The author -
Herman Mark!

The earliest reference that we found to super
high modulus was in Transactions of the Faraday Society
32 143-145 (1939) describing the Sixty-Third General
Discussion held in Cambridge, England, in 1935. The
subject und2r discussion was “The Phenomena of
Polymerizafion and Condensation”. Overseas guests
included Professor Kurt Meyer from Geneva, Dr. W.H.
Carcthers from Wilmington, Dr. F. Eirich from Vienna,
Professo.- H. Mark from Vienna, Dr. E. Proskauer from
Leipzig, and Professor H. Staudinger from Freiburg.
Following a paper by Dr. R. Houwink on elasticity of
polyrers, the following comments were made by one of
the participants: "It seems to me very reasonable
%0 try now to get quantitative results on the theo-
retical interpretation of the mechanical behavior of
synthetic resins and fibers." The participant then
proceeded to predict that modulus is due to bond
angle deformation involving 1000-1500 cai/mol for
10% elongation or to bond straining involving 5000-
6000 cal/mol. Again, Dr. John Schaefgen has calculated
that in structures such as polyethylene or nylon,
this tran31ates into 420 gpd and for structures such
as Kevlar® aramid into 1900 gpd - figures that we
are approaching (and in some cases exceeding) in
today's high performance fibers. Who made these
predictions back in 19357 - Qur Geheimrat!

Hence, Professor Mark's vision and theoretical
predictions on ultimate strength and modulus are
proving correct as we will see from this afternoon's
sympos fum,

And now, Professor Mark, we dedicate this
symposium to you - our teacher, our mentor, our friend
--- with affection and respect on your 85th birthday.

For this occ*sion, we have compiled a series of
papers that i1l  'stes the breadth of activity in
high performance . ers. The first paper deals with

raphite, one of the earliest comercial hign
per;ormance fibers. The second is on Kevlar¥, the
most recent commercial high performance fiber. Then
we have three papers covering experimental work on

new high performance fibers. Finally, we have a paper
on fP g‘uminl Fiber, 2 new inorganic high performance
fiber. Following each talk there will be time for
questions,




CARBON FIBERS

Roger Bacon

Union Carbide Corporation
Porma Technical Center
12900 Snow Road

Parma, Ohio 44130

‘RSTRACT

The carbon fiber industry has grown, since its in-
Iadcy twenty years ago, to a substantial worldwide
business. Its primary use is in reinforcement of plas-
tics. Property advantages over conventionally re-
inforced or unrsinforced plastics include: high
mechanical stiffness, low density, low thermal ex-
pansion, good thermal stability, and electrical con-
ductivity. Properties of the composite are strongly
affected by the major physical and chemical propertiss
of the fiber which can be varisd over wide ranges: in
some cases, more than an order of magnitude. These
properties ars dstermined by three key fiber parameters:
carbon content, crystallinity, and preferred orisnta-
tion. The important process variables controlling
thsse parvameters are described for each of the major
carbon fiber processes, using rayon, polyacrylonitrile,
and megophase pitch as prscursors. The availabls car-
bon fiber properties ars used to advantsge in many
applications, some of which are briefly described.

THE CONSUMPTION OF CARBON FIBER3 has i{ncreassd,
since they were developed just over twenty years ago,
to more than 400 tons per annum in the free world, and
the present annual growth rate is over 25%. Although
used primarily as a veinforcement for plastics, carbon
fiders are alsoc used to reinforce other matrix
materials: wmetals, ceramics, and cerbon iteelf. In
noncomposite applications, they are the major or sole
component in valve and pump packings, thermal insula-
tion, and electrodes used ‘or electrochemical
applications.

Carbon fibers are manufactured by the thermal
trestment (pyrolysis) of organic precursor fibers.
Control of the precursor and of the process parasetsrs
detsrwines the intrinsic fiber structure which, in
turn, determines the fiber propertiss. These rslation:
ships, and the vay in vhich they are manipulated to
producs useful composite materials, are discussed in
this paper.

The interested reader may consult several exten-
sive raview articlee or books on carbon fibers and
their ccapoeites vhich have been written during the
past decade. These cover manufacturing prucesses
based on rayon (1,2,.3%), PAN (2,3), and othar (2,3)
precursors; structure-property relationshipe (1,4):
and coopositing wethods and applications (5,6,7,8).
The nevest entry to the femily of carbon fibers, those
made from mssophase pitch, are describad in a relative-
ly few recent articlee (9-14).

*Nusbers in parentheses designats References at end
of pesper

PROPERTY ADVANTAGES OF CARBON-FIBER REINFORCED PLASTICS

Since carbon-fiber reinforced plastics ar. expen-
sive compared with most other plastic composites, their
growing utilization is due to the fact that property
advantages are being realized. The main advantages
are high mechanical stiffness, good fatigue resistance,
dimensiounal stability, and good wear resistance. These
advantages are directly traceable to the unique physi-
cal properties of the carbon fibers themselves (see
Table 1).

STIFFNESS - Where high stiffness is required,
carbon fibers possess the highest Young's modulus of
any fiber: up to ten times that of E-glass. Carbon-
fiber/epoxy laminates possessing stiffnesses squivalent
to aluminum plates are in common use.

FATIGUE RESISTANCE - The high modulus of carbon
fibers, combined with virtually 100 percent elastic
recovery, rvesults in mechanical fatigue resistance in
the composite. If stresses are directed along the
fiber direction, only small deformations in the matrix
can occur, and almost no permanent creep results.
Hence, composite integrity is maintained after millions
of stress cycles.

DIMENSIONAL STABILITY - When a composite material
of low thermal expansion is required, carbon fibers are
uniquely suitable, since high Young's modulus fibers
also possess a gegntive coefficient of thermal expan-
sion (bslow 400 C). Combined with a low modulus
plastic, a zero thermal expansion material (in the
fiber direction) can result.

ELECTRICAL CONDUCTIVITY - Plastics possessing
appreciable slsctrical conductivity require a conduc-
tive filler. Carbon blacks are commonly used, but
high loadings are required to achieve particle-to-
Pnrt!clc contact. The high aspect ratios of even
"'short” carbon fibers permit electricel contact at
relatively low loadings. Sincs carbon fibers possess
electrical conductivities as high as 5000 (ohw cm)”?,
no other filler (except, possibly, aluminum fiber or
flakes) is more suitabls.

DENSITY - Lying between 1.3 and 2.1 g/cc, the
density of carbon fibavrs is )ess than that of any
comaon reinforcement except aramid fibevs.

THERMAL STABILITY - Though snhanced by most re-~
inforcements, tha thermal stability of plastic com-
posites is ultimately limited by the properties of the
sstrix. However, in cases reguiring short-term
stadility in a severe thermal environment, carbon {ibers
ars unequalled by other reinforcements. For example,
rocket noszle exit cones made of phenolic resin re-
inforced with carbon fibers survive the firing period
heceuse the resin, as it decomposes to a char, is
held intact by the fibers. Tha extremely high sub-
l1imation point of carbon fibers and their high thermel
conductivity combine to achieve this result.

WEAR - The well-known friction and wear pruperties
of graphite vhich make it a unique material for use as
brushes for slectrical machinery and seal rings for
jet engines are found es well in carbon fibers. In
addition, their high thermal conductivity permits heat
to be dissipated quickly from the rubdbing surface,
thus preventing melting of the plastic matrix.

STRUCTURE-PROPERTY RELATIONSHIPS

The most important structural paramsters in carbon
fibers are (a) carbon comtent, (b) crystallinity, and
(c) preferred orientation of crystallites. The chea-
ical and phyeical propertics of the fibders can be
varied over vide limits by control of these paramsters.
The structure is controlled, in tu:n, by the details of
the manufacturing process, vhich will de covered in 2
late. section.
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Table 1 -~ Representative Carbon Fiber Properties

Young's Tensile Therm. Exp. Electrical
Modulus Strength Coefficient Conductivity Density
Fiber Type 108 psi  10° pst  10°5(°F)7! (ohm cm)™} g/cc
Carbon: ;
Low modulus b 8 100 1 300 1.35
High strengtk 33 450 -0.3 550 1.75
High modulus 55 350 -0.4 1050 1.85
Very high mod. 75-100 >300 -0.7 2600-5000 2.02
S-Glass 13 500 2.8 CRY 2.5
Steel wire 30 500 7 ~ 20000 7.8

a: Rayon-based.
b: PAN-based.
c: Mesophase pitch-based.

CARBON CONTENT - In most commercial carbon fibers,
the carbon content lies between approximately 85 and
100 percent, depending upon both the precursor and the
final heat treatment temperature. Residual impurities
ara, in the main, hydrogan, oxygen, and (sometimes)
nitrogen.

CRYSTALLINITY - The baaic structural unit of
carbon fibers is the two-dimensional graphitic layer
plane, analogous to the linear molecular chain in con-
ventional polymers. '"Crystallinity" is determined by
the size and perfection of the graphitic layers and by
the degree of stacking of these layers into three-
dimensional "crystallites."” The most commonly used
crystallinicy parameters are those obtained by X-ray
diffraction analysis: L,, the average length or width
of the layer, and L., the average height of the stack.

The paramster f varies from A1 to over 20 nm.
However, high resolulion electron wmicroscopy reveals
that the layers undulate and, in some cases, continue
for hundreds of nm,

The paramater L, also varies from ~1 to over 20 nm.
Since the layers are stacked with a spacing of 0.34 nm,
ths smallest values of L, occur when only a few layers
comprise the "crystallite."

As the heat treatment temperature increases and
impurity atoms ave driven out, the layers grow in per-
fection, size, and flatness, and more and more of them
ars brought into a parallel stacking arrangement. Only
in exceptional cases, however, is the three-dimensional
order characteristic of the true graphite crystal
achieved.

PREFERRED ORIENTATION - The most important struc-
tural feature of a carbon f{iber is {ts axial preferred
orientation, i.e., degree of preferential alignment of
graphitic layers parallsl with the fibar axis. Pre-
ferved orientation can be made to vary over wide limits,
from none (randor alignment) to a “maximum,” in which
nearly all layers lie within a few degrees of the (iber
axis. Axial preferred orientation is measured by
analyzing the X-ray diffraction pattern {vrom a parallel
bundle of {ibers (Fig. 1).

Another type of prefetred orientation may some-~
times be observed by examination of fiber croas-
sections in polarized light. When the graphitic layers
are parallel with the fiber axis, they may be randomly
oriented in the transverse plane or they may be prefer-
entially oviented parallel with or perpendicular to
fiber vadii (Pig. 2).

DEPENDENCE OF PROPERY. %S OK STRUCTURE - The physi-
cal properties of carbon fivers depend on the proper-
ties of the jraphitic “crystallites™ (often highly im-
pure and imperfect) and their degreve of preferved ori-
entatfon. The graphite crystal is highly anisotropic
vith respect to physical properties. Properties are
quite different, depending upon vhether the measure-
ments are tixen in the direction parallei with the
layer planes or perpendicular to them: Young's
sodulue {2 20 cimee asvester in the parallel direction

than it is in the perpendicular direction; thermal ex-
pansion decreases to zero and then becomes negative
vhen measured in the parallel direction (compared with
only positive values obtained when measured in the
perpendiculsr direction); and electrical conductivity
i 1000 times greater in the parallel direction than
it is in the perpendicular direction.

The anisotropy of physical properties increases
with cryscalline perfection and purity. Thus, the
"ultimate" properties (e.g., Young's modulus, tensile
strength, thermal and electrica)l conductivities) tend
to be achieved when both the crystallinity and the
degree of preferred orientation are high. There are
exceptions, howaver: as these structural features im-
prove, the internal shear strength of the fiber
decreases, whereas tensile strajin-to-failure reaches a
maximum and then decreases,

We now consider briefly some of the important
“scalar" properties which do not depend dircctly on
the anisotropic fiber structure. Both density and

Fig. 1 = X-ray diffraction pattern of high modulus
rayon-based carbon fibers showing (002) and
(004) arcs and (10) band. Fiber axis vertical
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Fig. 2 -~ Schematics of three simple typesof transverse
preferred orientation in carbon fibers i
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oxidation resistance tend to increase as fiber
crystallinity and purity improve. Bond strength be-
tween the fiber surface and the resin matrix in a
composite is degraded, as is mechanical wear resist-
ance; however, coefficient of friction is aiso re-
duced. These "intarface" properties are anhanced by
tha presence of functional groups on the fiber surface.

EFFECTS OF MANUFACTURING PROCESS ON FIBER STRUCTURE

To some degree, fiber structure and, hence, fiber
properties may be controlled through choice of manu-
facturing process, as we shall now describe.

PRECURSOR FIBER - All important ccmmercial
processes (see Fig. 3) for making carbon fibers are
bas:d on thermal processing of an organic precursor
fiber, which usually consists of rayon, polyacrylo-
nitrile, or pitch. The highest degraes of purity and
crystalllnity are achieved by carrying the thermal
processing to very hig’: temperatures. However, the
easa with which these properties are achieved dapends
strongly upon the precursor usad. In particular, tha
crystallinity achievable depends upon how aasily tha
starting polymer can be convertad to an incipient
graphitic structure. Of the three major precursors,
rayon is least aasily convertad to a graphitic struc-
ture, PAN is next, and pitch is most aasily converted.

POLYMIR SPINNING
N4

THIRMAL STABILIZATION
{200-400 C)
Vv

CARBONIZATION
{ tooo;zooo C)

HEAT TREATMENT
( zooo-éooo <)

SURFACE TREATMENT &
FINISH APPLICATION

¥ig. 3 - Genaral process scheme for production of
carbon fibers from organic precursors

Two types of pitch precursors are used: isotropic
or “ordinary” pitch and anisotropic or “mesophase"
pitch., Mesophase pitch is a liquid crystalline pitch
vhich 4s spun into a molecularly oriented {iber.
Isotropic pitch is spun into an unotiented fiber and
i3 used only for the production of low-modulus carbon
fibers; for thst reason, it will not be discussed in
detail.

Other precursor fibers, such as lignin, ) lyvinyl
alcohol, and phenolic rasin, have been used f~.¢ carbon
fiber msaufacture, but their use has not achieved much
commarcial importance.

THERMAL STABILIZATION - The precursor f{iber must
be thermally stabilized to prevent excessive weight
loss, molecular disorientation, or fiber fusing during
subsequent processing. Thermal stabilization consists
of a n&utinly slow heating process to approximately
300-400"C, usually in the presence of air or soms
other oxidizing agent.

CARDONIZATION - The thermally stabilized fiber is
next carbonized by heating in a nonoxidizing atmos-
phcrs to a temperature usually between 1000°C and
1500°C. Although considerable weight loss takes place,
the heating can be carried out in lass than one minute
in continuous processing. The carbtonized fiber con-
sists of 85-99 percent carbon and possesses a verydis-
ordered structure vhich i{s still relatively reactive

56

chemically., The carbonized fiber bonds well to resins
and, in the case of PAN-based fibers, may be exceed-
ingly strong (e.g., 500,000 psi tensile strength) and
moderataly stiff (30-35 million psi Ycung's modulus).

HEAT TREATMENT - Although tha majority of present-
day applications make use of fibers which have been
carbonized only (to take advantage of their high
strength), the achievement of many other ultimate
properties requires a high-temperature heat treatment.
This heat trsa:un: \uuslly takes place at temperatures
between 2000 C and 3000 C and renders the fiber vir-
tually 100 percent carbon Young's modulus may be as
high as 100 million psi. Graphitic layer size in-
creases markedly, as does the degree of parallel stack-
ing of layers. In the case of mesophase pitch-based
fibers, true three-dimensional graphite crystallinity
can be achieved by heat treating to very high
tenperature (11).

CONTROL OF PREFERRED ORIENTATION - Although the
precading discussion has indicated how processing var-
iations can be used to control carbon content and
crystallinity, the third important structural parsme-
ter, praferrad orientation, requires special discussion.
Molecular orientation is tha most important factor in
controlling wodulus, strength, thermal expansion, and
thermal and electrical conductivities. A highly
oriented carbon fiber is one in which graphitic layers
are prafarentially oriented parallel with the fiber
axis. How this orientation is controllad depends
predominantly on vhich "precursor process” is used.

Historically, the three major precursor procassas
were commercializad in the following order: rayon,
PAN, and menophase pitch. The three precursors form
an interesting saries in saveral respects (see
Tabla 2): in the same order given above, the final
carbon fiber weight yield increasas, and so do both
carbon {iber density and crystallinity. TFinally, the
achievement of high prafarrad orientation becomes
progressively sseier, as we shall nov discuss.

Tabls 2 - Comparison of High Modulus Carbon Fibers
from Three Precursers (Young's Modulus
5SS million psi)

Carbon Fiber Crystal Sizo

Yield Density Paramater

(vt 2) (g/cc) (Lo, nm)
Rayon 30 1.70 b)
PAN 50 1.8% 5
Mesophase pitch 80 2.02 13

Rayon Process - Tha rayon precursor procass vas
commercialized by Union Carbide in 1958. The rayon
fider, although initially oriented, becomes almost
totally disoriented during the sarly stages of thermal
processing. After carbonization, a low modulus carbon
fiber resuits. W. A. Schalamon and the author dis-~
covered that a highly-oriented, high-modulus fiber
could be produced if the fiber were stretchad dsrtn;
haat treatment at temperatures apjroaching 3000°C (1).
Beginning in 1965, fibers with Young's modulus of 23,
50, and, finally, 75 million psi were produced
commercially (13). The decreasing availabiiity of
rayon fiber along with the high cout of the “hot
stretch”" procass has forced i{ts discontinuance. Only
low-andulus fibers are now produced from rayon.

Carbon fibers made from isotropic pitch
precursor (16) possess propertiea somswhat similar to
those derived from rayon. They can also be converted
to high modulus fiders by a high temperature stretch-
ing, but this refinement has never been commarcially
practiced.

PAN Proces~ - Carbonization of PAN fibers ves
studied extensively at the Government Industrial Research
Instituta in Japan and later at the Royal Afreraft

]
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Establishment and at Rolls Royce in England. At the
RAE, W. Watt and co-workers discovered that the
molecular preferred orientation initially present in
the PAN fiber could be presarved if the fiber was held
under tension throughout the thermsl stabilization
step (17). The fiber could then be carbonized without
tension to produce an intermediate-modulus (33 million
psi) carbon fiber. This process was commercialized in
1966 under British government licensa (18). Similar
processes are nov widely practiced in tha U.S. and in
Japan.

Higher modulus fibers (%55 million pei) from AN
can be achieved By furthar heat treatment to temp/.ra-
turas sbova 2000 C, since the growth and parallel
stacking of graphitic layers cause them to become
better alignad with tha fiber axis. Hot stretching
permits achievement of still higher moduli
(V75 million psi).

Mesophasa Pitch Process - Low modulus carbon
fibers have been made from {sotropic pitch by Kureha
Chemical Co., Japan, since 1969 (19). Singar, at
Union Carbide, discovered that highly oriented pitch
fibers could ba spun from a liquid crystal form of
pitch, called "mesophase pitch" (11). This oriantad
fiber could then ba thermally processed to any dasired
temperature undar zaro tension without loss of pre-
farred orientation. Depending upon final temperature,
carbon fibar moduli as high au 100 million psi can be
produced. This process was commercialized in 1974 (9).

APPLICATIONS

Applications for carbon-fiber rainforced plastics
are novw myriad (5-8). (Table 3 lists some of them.)
Fabrication technology, once confined mostly to fila-
nent winding or laminating by hand layup methods, now
includes pultrusion, warm forming, injection molding,
and many other methods (20).

Most applications still use "high-strength” PAN-
based carbon fibers in tharmosetting (epoxy or poly-
ester) resins for aerospace structures and sporting
aquipment. However, a groving market is developing
for discontinuous or chopped fibers (of all types) and
for "high modulus” or "very high modulus" fibe:rs made
from either PAN or wesophase pitch. These are often
used with thervoplastic resins (e.g., Nylon 6/6, poly-
sulfone, polyphenylene sulfide, polysmida-imide) in
lover-cost automotive or {ndustrial applications.
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EXTENDED CHAIN AROMATIC POLYAMIDES

J. A. Fitzgerald
E. I. Qu Pont de Nemours & Co., Inc.
Wilmington, Delaware 19898

ABSTRACT

Aromatic polyamides ased on p-oriented diamine
and dibasic acid intermediates yield 1liquid crystal-
line solutions in amide and acid solvents. These
liquid crystalline solutions are composed of highly
ordered domains containing extended chaines. The over-
all orientation of these domains is random at rest.
When shear is applied to these solutions, the domains
assume & common orientation along shear direction. On
spinning, these sclutions give directly highly ori-
ented, high tenacity, high modulus fibers. The level
of properties in the as-spun yarn stems from the high
degree of aligrmert of rigid polymer chains. Critical
parameters influencing the liquid crystalline state
include polymsr structure, moleculai wveight, molecular
weight distribution, solvent/polymer interaction, solu-
tion concentration and temperature. Kevlar® aramid
tibers are based on this type of technology. These
tibers have a tenacity of >22 gpd (400,000 psi) and
modulus ranging frow 500 to 2900 (9-16M pei). The
unique properties of Kevlar® have to-date resulted in
commercialization in over 100 end-uses from tires and
asrospace applications to sporting goods and sufety
apparel.

TEXT

The borh Reviewed here summarizes the research of many
chemists and enginerrs working for a period of sevaral
years, culminating in commercializatiu of our newest
fiber, Xaviar® aramid yarn in 1971. Kav.ar® provides
a new level of properties that has aroused a great
deal of interest in the scientific and engineering
community. The technology behind Kevlar® will be
deacribed as an example o hew a polymer can be cam-
mercialized in a variety of nev end-uses in the ser-
vice of man. The materisl presented hesv Has Siwis
largely drawn from papers presented at the #itco Award
Sympoaium by P, W, Morgan et al (1°*) at the 171st
National Meeting of the American Chemical Society, Mew
York City, M. Y., 1976, and at the March 23, 1980
meeting of the Polymer Division, American Chemical
Society at Mouston, Texas (2).

%2 know that for maximum tensile nroperties of a
fidber, the polymsr molecules sust exist in extended
chain formation and have as perfect crystailine pack-
ing as possible. then chain extansion is done on &
spun fiber by drawing, as in nylon, it is difficuit to
disentangle the chains in the solid stata and align
thes perfectly.

Nigh properties have been cbtained fram polymars
such as polyethylene which can achievs almost theoret-
ical levels of crystal perfection unde. special circum-
stances. Fibers grown as singla crystals of PR from

‘mbers in pareatheses designate Meforences at end

solution, for example, have tsnsile properties up to
T/M = 33/900 dR/tex. These high property polyethyl-
ene fibers, however, have little commercial value be-~
cause of low melting point and a strong tendency to
creep under load.

In contrazct to polysthylens, Nomex® aramid fibers,
based on soluble meta-oriented aromatic polyamides,
have excellent thermal properties. While these fibers
do not form extended chain crystals because of the
meta orientation, their properties ‘ed to continued
effort on the rore intractable para-oricnted poly-
smides. The hign melting point and glass transition
temperatures resulting from the para orientation pre-
vent normal spinning and drawing techniques for other
polymors, so a new athod was required. A new ap-
proach providing almost perfect polymer chain exten-
sion was discovered by Xwolek in her studies with
poly-p~benzamide (2). She had discovered that th:s
polymer formed liquid crystalline solutions.

Compounds capable of forming liquid crystailine
phasec have bnen known for years. Iin the liquid cry-
staiiihe stat:, these compounds have the structure of
solidu; for example, they exhibit birefringence, they
have wolecular order, but 1t the same time, these ma-
terials have the flow characteristics of fluids. Ore
of the best known and simplest exsmples of a materiisl
forming a liquid crystalline phase is an ascbanzenc.
In the case of 4,4'-dibutcxyazobsnzens, the conpound
is a crystalline solid to 90°C, where it melts to a

800~ )-webi~{ ~0-n-du

liquid phase but still remains crystalline. This
stats is maintained to 150°C where it undeargoss an-
other transition to an isotropic liquid.

This liquid crystalline behavior has bsen extend-
& in our laboratories to many polyamides, shown in
Table 1. Materials discussed in this paper are poly-
benzamide, poly-p-phenylens terephthalamide (PPD-T}
and the chloro-cubstituted PPO-T polyamide. ‘The com-
mon feature of all these polymers is a structure that
is inherently rigid, and capable of high cryatalline
order. Tha key structural requirement is an all
para orientation capable of forming a rod-like molec-
ulay structure. Conaider what happens as rod-like
polymer molecules are dissolved as oppoced to more
normal flexible chain polymerr. as described by Plory
in 1956 (3). As the concentration increases, the
rods must begin to associate in parallel aiigrment,
much as pencils in & box, and vandomly oriented do-
sains of intermally highly oriented polymer chains
then 3evelop. With flexible chain polymars, on the
other hand, a random coil configuration is obtained
in solution, and increasing polymer concent... jon can-
not force a higher dagree of order.

Polymsr concentration is critical, as showm in
Figure 1. Aa the polymer concentration (poly-p-benz-
mide in DMAC/L:. i) increases, the viscosity as a
randal collection of rods increases, with a critical
point of about 5% poly-p-benzamide. As we force .wre
polymer inte sclution, a second phase, liquid cryital-
line, begins to form and the visocogity begins to drop.
Liquid crystallire damaine are almost like particu-
lates which contribute little to solution viscoosity,
Continued addition of polywsr and dissolution forces
sote polymer into the ordered phase. A minimum is
achieved at a totally anisotropic system, and then
the viscosity begins to rice amain.

™e unique aspect of liquid crystalline polymer
sclutions that can provide a mew dimension in fiber
processing is their behavior under ahear. These d
solutions emhibit stir-opalescense: with shear, the
sranslucent eclutions become opaque and display a ¢
pearlescent luster or radiance. This is » comse- E
quence of the randos dossina becoming fully oriented
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Table I - Polyamides Yielding Liguic Crystalline Solutions
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in the direction of shear. This happens as these
sclutions enter a spinneret, and emerge with almost
perfect molecular orientation (Figure 2). This supra-
molecular structure is almust entirely preserved in
the as-spun filamont structure due to very slow relax-
ation of shear-induced orientation. This process is
a novel, low energy way of achieving very high ori-
entation of polymer molecules.

This phenomencm cen be seen (Figure 3) by micro-
scopic examination of a typical solution with polar-
ized light between crossed polars. The solutions de-
polarize light as a normal crystalline solid would.
The top figure is a solution at rest and clearly
shows the domain structure. When sheared by movement
of the slide cover slip, interdomain orientation is
achieved.

As & result of our early inwestigation a number
of critical variables were defined that had a signi-
ficant impact on the isotropic/anisotropic phase dia-
gram, in particular, polymer structure, molecular
weight, polydispersity, solubility and tesperature.

Inherent viscosity has a profound effect on crit-
ical concentration for development of anisotropic
phase separation. Pigure 4 shows the rel-tionship cof
poly-p-benzamide inherent viscosity (meagsured at 0.5%
in concentrated sulfuric acid) to the critical concen-
tration in DMAc/LiCl. As predicted by the Plory model
(3). the longer chain length at higher molecular
weight allows anisotropic phasse ssparation at lower
concentrations, due to higher axis ratio.

Two-phase uystems, such as shown in Pigure 5, have
been examined. These phases can bu separated by cen~
trifugation and hamogensous fractions are obtained.
Plotting the amount of CIPPD-T polymer in the seps-
rated equilidbrium phases as a function of total poly-
mey concentraticn shows (Pigure 6) the smount of poly-
mer in the anisotropic phase is always higher. The
anisotropic phase forms by separation of scme of the
polymer and solveant molecules to form 8 more dense,
ordored arrangemant. leaving behind a less concen-
trated isotropic phase. TIhe polydispersity of
CIPPFD-T becomes evidant on examipation of the polymer
inherent viscosity of each separated phase (Pigure 7).
Practicnation occurs vith low molecular weight remain-
ing in the i{sotropic phase. One can then conclude
that pelysar molecular weight distridbution, as well as
mo  2culary veight, will have a strung influenze on the
phase disgrams of these aystems.

Through optimization of the critical polymer and
solvent parameters, some of which have been descrided
above, almnst eatirely anixotryopic solutions were ob-~
tained which in turn led to very streng fibers.
Reviar®, with poly-p-phanylens tevephthalamide select-
o4 as the substrats, vas commercislized in 1971
through this technology. Pigures 3 and 9 show the
strees-strain curves for Keviar® and Keviar® 49 (the
high modulus, heat-treated PPO-T fider) versus incus-
bent fidbers for industrial applications.

Saned on the tanaile properties of Keviar® (T/%/
Hi o 19.4/43/425 Ai/tax) and Keviar® 4% (T/AMY =
19.4/23 /800 3N/tax] asd other characteristics showm in
Table 11. these fibers are finding & wide variety of
uMes in the service of man.

Kaviar® ia finding growing use ir Delts nf premium
radial tires because ¢f e Yalvo~in-usa reldtive to
ather industrial yarns. end sdvantages in road hazard
reaistance and roliing resistanoe,

Due te high cut resistance and emargy adeotptice
characteristics of Xav)ar® fabrics, they are widely
used for batlistics protection. Bulletproct garmente
of Xeviar® are particularly effoctiva sisce the light
Qarment veight sncourages extensive wae. Protectiwe
spparel hae been extended to gloves to take dventage
of the heat and cut resistance.

Table II - Characteristics of Xevlar® Aramid Fibers

High Crystallinity

High Orientation

Extended Chain Structure

High Melting Point (ZST 640°C)

High Glass Transition Temperature (375°C)

Low Density
(1.45 ve. 2.55 for glass and 1.8 for
graphite fibers)

Low Creep

High Tencile PFatigue

High Cut Resistance

Good Flex Mesistance and Textile Processibility
Outstanding Tensile Properties

The low density and high strength are supporting
applications for large diameter ropes and cables,
particularly for anchor systems of offghore oil rigs.
Por example, a 1/2 million Dound break strength rops
of Xevlar® weighs 1.7 lbs/ft, while an squivalent
steel cable weighs 7.4 lbs/ft.

The high modulus foras of Xevlar®, Xeviar® 49, is
finding increased use in the aesrcepace industry in
fiber-reinforced resins to replace metal or fiberglass
structures at lower weight. The value of weight saved
is very high since it requires approximately 3 1bs of
fuel and engine to raise ons pound of payload off the
ground in & compercial aircraft. This increases tr.
over 20 to ]l in a space vehicle. Uses currently .a-
clude a substantial number of parts in commercia: ajir-
craft, sostly in non-structural applications. Graph~
its fibers have higher modulus (V1200 &i/tex) and
higher compressive strength, and contimue to be pre-
ferred {n many primary structural assvospace components.
Rybrid oompuaitss of Keviar® 49 and graphite cffer an
attractive balanoe of properties and cost, however,
and are becoming of increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>